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Abstract 
 
Aerosols are facile and convenient methods for preparing many types of materials. 
Ultrasonic spray pyrolysis (USP) and chemical aerosol flow synthesis (CAFS) are two examples 
of aerosol synthesis techniques that have opened up new opportunities for nanostructured 
materials with diverse applications including electronics, spintronics, energy, and biology. USP 
and CAFS use ultrasound directed through liquid precursors to the surface where capillary wave 
action from the ultrasound results in the formation of fine droplets (diameters < 5 μm). A 
photograph of ultrasonic nebulization of water is shown in Figure 1a. As shown in Figure 1b and 
1c, the droplets are carried into a heated furnace where they undergo various reactions, and the 
products are collected by bubblers or other particle collectors (e.g. cyclonic, electrostatic, etc). 
Using these techniques submicrometer particles and nanoparticles of metals, metal nitrides, 
metal oxides, metal chalcogenides, and carbon with novel applications and morphologies have 
been produced. 
 
Energetic materials such as finely divided aluminum have long been and continue to be 
of significant interest due the high heat of reaction to form aluminum oxide: 31 kJ/g. There has 
been an upsurge of interest in submicrometer morphologies of Al for use in high energy 
nanocomposites (i.e., nanothermite and other highly energetic mixtures for explosives or 
propellants) and for use in hydrogen storage. Using a modified CAFS process, hollow metallic 
aluminum particles were prepared (Figure 2). Numerous other metals have been prepared 
previously using aerosol processes, but this is the first time a metal with a reduction potential 
more negative than hydrogen has been produced without starting with the metal initially. 
Solutions of trimethylamine aluminum hydride (TMAH) in toluene were nebulized into a gas 
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stream containing TiCl4, which catalyzes the decomposition of the TMAH into metallic 
aluminum. Characterization revealed the product to consist of hollow agglomerates of aluminum 
nanoparticles. Macroporous shells were created when the aerosol was heated to 100 °C, and 
transitioned to nonporous shells when heated to 200 °C. For the nonporous particles, traces of the 
TiCl4 catalyst were trapped inside the particles. The prepared aluminum particles were found to 
be oxide passivated in spite of rigorous efforts to exclude oxygen from the system. The active 
aluminum content of the particles was measured using a previously reported redox titration 
method. The particles were found to consist of 72 wt% and 85 wt% active aluminum for particles 
prepared at 100 and 200 °C, respectively, even after storage at 22 °C and 30% RH for 5 months.  
 
A significant drawback to the use of metallic aluminum in energetic materials 
applications is that no significant amount of expansion gases is generated when reacted in 
nanothermites. Aluminum carbide, Al4C3, is a hard ceramic material with few reports in the 
literature, and no applications to date. It was found that nanoparticles of Al4C3 could be 
synthesized by the pyrolysis of trialkyl aluminum precursors, and that these nanoparticles were 
passivated by a layer of amorphous carbon which protected the surface against oxidation unlike 
previous reports. The size of the nanoparticles could be increased from ~ 80 nm up to 250 nm by 
increasing the vapor pressure of the precursor, and the thickness of the amorphous carbon layer 
could be increased from 5 nm up to 15 nm by increasing the furnace temperature from 900 to 
1100 °C. The Al4C3 nanoparticles were investigated in energetic materials applications by 
combining them with metal oxides to form metastable intermolecular composites (MICS). The 
nanoparticles show excellent brisance when reacted in a flame, and could be a useful energetic 
material due to the formation of permanent expansion gases (CO or CO2) when reacted. 
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CHAPTER 1 
 
AEROSOL SYNTHESIS OF MATERIALS 
 
1.1 Introduction 
The isolation, synthesis, and processing of materials has played an integral role in the 
development of modern civilization.  Indeed, entire eras of human history have been defined by 
the materials used (i.e., the stone, bronze, iron, concrete/steel, polymer, and silicon ages), and the 
use of new materials has correlated strongly with economic growth and industrial development.1  
Prior to the 1960s, the academic study of materials generally focused on metallurgy; however, 
with the development of polymer chemistry, materials science has grown into a diverse field, 
integrating the life and physical sciences with engineering.  Materials chemistry, as a subset of 
materials science, typically emphasizes the synthesis of new or improved materials as well as the 
elucidation of the materials’ properties as a function of structure.  To these ends, numerous 
synthetic techniques have been and are being developed to prepare materials, including wet-
chemical, solid-state, mechanochemical, sol-gel, solvothermal, electrochemical, chemical vapor 
deposition (CVD), sonochemical, microwave, and aerosol methods, among many others.1  For 
this dissertation, ultrasonic spray pyrolysis (USP), an aerosol technique,2 was used to prepare 
both metallic aluminum and aluminum carbide and carbon composites.  In this chapter, an 
overview of aerosol methods is provided to help place this work within the context of this 
diverse field.  When possible, spray pyrolysis methods are emphasized. 
 
1.2 Aerosol Processes 
The term aerosol refers to a heterogeneous system in which either liquid droplets or solid 
particles are suspended in a gas. Aerosols as a method of materials synthesis has been known 
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historically for the production of both films and fine powders.2,3 Aerosol materials synthesis can 
involve a large number of physical and chemical processes in individual particles or between 
multiple particles in an aerosol. Many of these processes are summarized in Figure 1.1, and can 
greatly influence the composition, morphology, and chemical properties of the final product.2 
 
 
 
Figure 1.1. Schematic of possible physicochemical processes during aerosol syntheses.2 MLn= 
organometallic precursor, L = ligand, M = metal. 
 
 In spray pyrolysis single particles or droplets undergo decomposition reactions. The 
particles or droplets containing precursors are formed mechanically as described in the sections 
to follow. The precursor droplets or particles are carried by a gas flow into a heated furnace 
where they react with the gas or are pyrolyzed (with or without solvent evaporation) to form the 
desired product. This processes is illustrated in Figure 1.2, and is used to produce fine powders, 
or if a heated substrate is used, to make thin films.2 While an electrical furnace is typically used 
as a heating source, other examples have used flame or even microwave energy to induce 
reactions in the aerosol.2 Spray drying is a closely related process to spray pyrolysis, except that 
only physical processes (i.e. solvent evaporation) are used to create the desired product.4 
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Figure 1.2. Schematic illustrating the physicochemical processes specific to spray pyrolysis. 
 
1.3 Aerosol Generation for Spray Pyrolysis 
For any material synthesis involving aerosols, the method used to generate the droplets or 
particles plays a key role, influencing the size of the particles produced or the morphology of the 
film deposited on a substrate. Numerous methods for creating aerosols have been developed, and 
are capable of generating droplet with diameters from 0.1 up to 100 μm with various size 
distributions. An overview of several more widely used nebulization techniques is provided in 
the subsections that follow. 
 
1.3.1 Jet, Gas-Assisted and Rotary Nebulizers 
 Jet, gas-assisted, and rotary nebulizers are favored methods for industrial production of 
fine powders because of their high precursor delivery rates, which allow for large-scale and 
continuous production. Jet nebulization operates by forcing a liquid through a small orifice under 
high pressures. The combination of high pressure injection and capillary waves on the surface of 
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the liquid forces the liquid stream apart as it leaves the nozzle producing aerosol droplets.2,5 The 
combination of high precursor delivery rates and high droplet concentration makes this an 
attractive synthetic technique, but it generates large particles (typically 10 to 1000 μm), and 
broad particles size distributions are trade-offs for this method of materials production. Gas-
assisted atomization is similar to the jet method except that high pressure streams of gas are 
directed at a jet of liquid causing an aerosol to form. Droplets produced using the gas-assisted 
method are smaller (typically <1000 μm) compared to the jet method, but have a similarly broad 
droplet size distribution.2,6 While smaller droplet sizes are possible using gas-assisted 
nebulization, the large volumes of gas required are a potential drawback. Lastly, rotary 
nebulizers function by directing a stream of liquid onto a flat disk spinning at a high rate of 
speed. Centrifugal energy is transferred from the disk to the liquid, causing the liquid to leave the 
surface of the disk at high energy and break apart.  Rotary nebulizers have high precursor feed 
rates and narrower particle size distributions compared to the two previously mentioned 
methods, but large particle sizes are still typically produced (10 to 1000 μm). 
 
1.3.2 Electrostatic Nebulizers 
 Electrostatic nebulizers have also been used to atomize liquids into an aerosol.2,7 
Electrostatic nebulizers directly transfer electrical charge to the stream of liquid precursors. As 
the charged stream of precursor leaves the nozzle static force builds, causing the stream to break 
up into droplets. A representative system is shown in Figure 1.3. This aerosol method has two 
main advantages compared to the previously mentioned methods. First, the generated droplets 
have a narrower size distribution, and second the droplets can be manipulated using electric 
fields since they are charged. The charged properties of the droplets have been exploited to 
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deposit droplets on hot surfaces where the Soret effect (i.e. the phenomenon where small 
particles are driven away from a surface due to a temperature gradient) can limit droplet 
migration to the surface. 
 
 
 
 Figure 1.3. A representative electrospray system used for spray pyrolysis.8 
 
1.3.3 Ultrasonic Nebulizers 
 Ultrasonic nebulizers use a piezoelectric transducer to produce vibrations in the range of 
50 kHz to 2.4 MHz. There are three basic classes of ultrasonic nebulizers: ultrasonic nozzles, 
ultrasonic horns, and submerged ultrasonic transducers. Ultrasonic nozzles operate by pumping 
liquid through a tube with ultrasonic transducers attached to it.9 Nebulization occurs from the 
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surface around the orifice where the liquid exits the tube. Ultrasonic horns operate similar to 
ultrasonic nozzles except the liquid is delivered externally to the vibrating tip rather than through 
the tip. Ultrasonic horns must have an alternative liquid delivery system for continuous 
nebulization to occur. Of all the nebulization methods discussed thus far, submerged ultrasonic 
transducers produce the smallest droplets. These nebulization systems are typically found in 
household humidifiers, and operate by placing the piezoelectric element in direct contact with the 
liquid being nebulized. This last type of nebulizer was used for the experiments summarized in 
this dissertation. Illustration of an ultrasonic nozzle and submerged ultrasonic transducer are 
shown in Figure 1.4. 
 
 
 
Figure 1.4. (a) Commercially available ultrasonic nozzle (Elliot Equipment). (b) Schematic of 
submerged ultrasonic nebulizer and spray pyrolysis system.10 
 
 
a b
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Nebulization of liquids by ultrasound occurs when a vibrating surface is placed in contact 
with the liquid. Droplet formation by ultrasound was first described by Wood and Loomis in 
1927.11 This work was expanded by several research groups, and in 1962, Lang experimentally 
established the relationship between ultrasonic frequency and average droplet size.12 Briefly, 
ultrasonic aerosol fountains (Figure 1.5) are the result of capillary waves (i.e. waves travelling 
along the interface between two fluids) at the surface of liquids, and the aerosol generation is a 
result of momentum transfer. The capillary waves generated by ultrasonic vibrations at the 
liquid’s surface consist of crests and troughs. When the amplitude of the surface capillary waves 
is sufficiently high, the crests (peaks) of the waves can break off, resulting in liquid droplets. 
Since capillary wavelength is proportional to acoustic wavelength, smaller droplets can be 
generated with higher frequencies. Lang developed an empirical equation for the average size of 
droplets created that relates droplet size to ultrasonic frequency ( f ), surface tension (γ ) , and 
density ( ρ ) (Equation 1.1). If the concentration of the solution (Cs) being nebulized, the 
molecular weight (M), and product density (ρ) are known, then Eq. 1 can be used to find the 
average particle size (Equation 1.2). 
 
8 
 
 
 
Figure 1.5. Photograph of the generated ultrasonic fountain and resulting droplets. Photo 
courtesy of Won Hyuk Suh.  
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 Following the Lang equation prediction, the measured droplet size was observed to 
decrease with increasing ultrasound frequency, and that for water at 3 and 1 MHz, the average 
droplet size was 2 and 5 μm, respectively.13 For nebulization systems using submerged ultrasonic 
transducers, the liquid level above the transducer, the ultrasonic power, and the carrier gas flow 
rate can all influence the overall aerosol flow rate as shown in figure 1.6, so for ideally 
reproducible results, it is crucial to maintain a constant liquid level. A comparison of the 
previously mentioned nebulization techniques is compared to ultrasonic nebulization in Table 
1.1. 
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Figure 1.6. The measured dependence of butanol aerosol flow rates as a function of (a) liquid 
level, (b) ultrasonic power, (c) carrier gas flow rate.14 
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Table 1.1. Comparison of various characteristics of different nebulization methods.2  
 
 
 
1.4 Aerosol Synthesis of Materials 
While many types of materials can be created by aerosol synthesis methods (i.e. metals, 
oxides, chalcogenides, etc), the technique has generally been limited to preparing fine powders 
and thin films. The aerosol synthesis of thin films is a well-developed field, but is beyond the 
scope of this introductory chapter and is not discussed further in this dissertation. Any readers 
interested in using aerosol techniques for creating thin films are directed to the monograph 
Kodas and Hampden-Smith and the reference contained therein.2 
The general preparation of fine powders by spray pyrolysis from liquids is illustrated in Figure 
1.2. The processes involved in particle generation typically occur first by solvent evaporation 
from the droplets, followed by decomposition of the precursors to generate the desired product 
particles while volatile decomposition products are flushed away by the carrier gas. If the formed 
particle moves slowly enough through the heated zone additional transformations can occur, 
such as densification and sintering. Note that aerosol synthesis of materials involves a single 
 Atomizer
Type
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Droplet
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Gas Flow
Rate
Droplet 
Delivery Rate
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10 to 1000 μm
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broad
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low
low
low
low
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low
medium
low to high
high
high
high
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product particle created from one precursor droplet. This leads to the final product generally 
having a spherical morphology with sizes and size distributions determined by the solution 
nebulization conditions, but some exceptions exist. Depending on the precursor solution and 
reaction conditions, dense, porous, core-shell, highly-crystalline, amorphous, homogeneous, or c-
omposite materials can be produced (Figure 1.7).2 
 
 
Figure 1.7. A detailed illustration of the processes specific to spray pyrolysis: Droplets (in 
purple) containing precursors enter the heated zone where the precursors precipitate out (in red) 
of the solvent, and then undergo reactions to form the product particles (in black). The product 
particles can undergo further reactions as shown. Some reaction pathways can lead to bimodal 
particle distributions and non-spherical morphologies.2 
  
12 
 
 
1.4.1 Metal Oxides  
Metal oxides could be considered the prototypical materials created via spray pyrolysis.2,3  
Fe2O3,15-17 Fe3O4,18, SnO2,19 NiO,20-22 ZnO,22,23 ZrO2,24,25 Y2O3,26 Al2O3,27 MgO,22, Co3O4,28 
TiO2,29,30 and V2O531 are among the many monometallic oxides prepared by spray pyrolysis of 
precursor solutions containing water-soluble metal salts. Additionally, numerous multimetallic 
oxides have been created, including spinels (e.g. NiFe2O4,32 and MgAl2O433) and perovskites 
(e.g. LaCoO3,34 LaFeO3,35 BaTiO3,36,37 and SrTiO338) as well as superconductors such as 
YBa2Cu3O7-x39,40. Binary metal oxides powders, such as Al2O3-SiO2, have also been prepared 
using spray pyrolysis.41 Generally, the only requirement for creating any metal oxide is the 
availability of a water-soluble salt. Typical examples of precursors include metal chlorides, 
nitrates, acetates, hydroxides, and metal complexes (e.g. peroxo-, ammonium, lactate, oxo-). 
The list above clearly demonstrates the utility of spray pyrolysis for preparing nearly any mono- 
or mixed-metal oxide powder. In the previous decade, however, spray pyrolysis has undergone a 
renaissance. With the addition of polymers, colloidal silica, or other composite-forming 
materials, the Okuyama and Suslick groups have shown that new and complex architectures can 
be easily added to many of the simple oxide particles previously reported. In their work, these 
templates are added to the precursor solution or generated in situ during spray pyrolysis. The 
template is then removed either in situ or by chemical treatments after being collected. An 
overview of this work is presented below.  
Okuyama and coworkers discovered that colloidal suspensions of silica with particles 
sizes of <100 nm could be effectively atomized and used in spray pyrolysis. They found that the 
droplets containing the silica colloids formed submicron sized agglomerates with hierarchical 
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structures, and that size of these structures decreased with decreasing colloid size, with nearly 
smooth particles formed using precursor suspensions containing 4 nm SiO2 colloids (Figure 
1.8).42 From this initial discovery, Okuyama et al. were able to take atomization of colloids a 
step further, and showed that using colloidal suspensions of polystyrene beads and colloidal SiO2 
that ordered mesoporous particles could be prepared by spray pyrolysis (Figure 1.9).10,43 
 
 
 
Figure 1.8 SEMs (Mag. 150K) of nanostructured SiO2 powders prepared by spray drying 
colloidal SiO2 suspensions (200 °C).  Colloidal SiO2 size: (A) 4 to 6 nm, (B) 10 to 20 nm, (C) 40 
to 60 nm, (D) 80 to 100 nm.  SEMs (Mag. 600K) of nanostructured SiO2 powders (10 to 20 nm 
SiO2).  Temperature (E) 200 °C and  (F) 1200 °C.42 
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Figure 1.9 SEMs of SiO2 spheres with organized mesopores prepared by spray pyrolysis of 
colloidal SiO2/polystyrene mixtures.  Precursor solutions: (A) 10 mL of SiO2 colloids (0.05%) 
with 0.5 mL polystyrene colloids and (B) 1.0 mL polystyrene colloids (3.6 X 1013 particles/mL).  
The colloidal SiO2 was ~5 nm in diameter while the polystyrene spheres were ~79 nm.  (C) A 
high magnification SEM image of the porous colloidal SiO2 network.10 
 
Expanding upon the work of Okuyama, Suh and Suslick showed that porous oxides could 
be prepared with organic monomers (i.e. styrene), instead of expensive polymer beads, to 
generate interesting macroporous morphologies, and by including Co2(CO)8 in the precursor 
solution, ferromagnetic microsphere composites with nanoparticles of Co encapsulated in silica 
were prepared and showed no loss of magnetic susceptibility due to the oxidation of Co even 
after 6 months (Fig. 4).44 
 
 
Figure 1.10 A dual furnace USP setup used for preparing porous silica and cobalt composites. 
(a) Porous microspheres produced by USP of a solution with 3:1 w/w monomer/silica; (b) 10:1 
monomer:silica ratio; (c) internal worm-like structure of composite microspheres; (d) 30:1  
monomer:silica, spherical morphology is lost; (e) magnetic response of Co-silica composite 
initially and after 6 months exposed to the ambient atmosphere.44 
d
b
c
a e
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More recently, the ultrasonic spray synthesis of oxides has been aimed at creating 
materials with specific applications, such as sensors for the detection of toxic industrial gases45 
and photocatalysts for solar energy conversion.46 With applications such as these in mind, 
Suslick and coworkers have developed chemically responsive inks to use in arrays for electronic 
nose applications which have emerged as a very powerful approach for the selective 
identification of chemically diverse analytes.47-54 Using a spray pyrolysis method, chemically 
responsive inks based on nanoporous silica were prepared by the condensation reaction of 
tetramethoxysilane and methyltrimethoxysilane producing an organically modified silica 
(ORMOSIL) in the aerosol droplets (Fig. 5a-d). Various chemically responsive dyes (e.g. 
bromocreosol green, methyl red, alizarin, etc) were doped into the ORMOSIL microspheres, and 
the inks were printed onto standard chromotagraphy paper in 4×4 spot arrays (Fig. 5e). These 
sensors showed excellent sensitivity to aliphatic amines, and remarkably were able to 
discriminate the 11 different aliphatic amines and ammonia used to test the sensor arrays (Fig. 
5f). The ORMOSIL matrix is able to effectively stabilize the colorants and prevent leaching of 
the dyes from the silica microspheres upon contact with liquids. This example clearly illustrates 
the utility that materials prepared by ultrasonic spray method can possess.45  
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Figure 1.11. Nanoporous silica microspheres as sensor elements for the analysis of amines. (a) – 
(d) SEM images of nanoporous silica that have bromocreosol green entrapped within them; (e) 
difference maps of sensor responses to 11 structurally similar aliphatic amines after 
equilibration; (f) hierarchical cluster analysis generated from the sensor responses shown in (e).45 
 
e
f
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1.4.2 Metal Nitrides, Chalcogenides, Carbides 
While spray pyrolysis has proven to be a versatile route to many different oxide materials 
with controllable morphology, spray pyrolysis has been shown to be useful for creating 
additional types of materials such as metal nitrides, chalcogenides, and carbides.2 Preparing these 
materials requires the use of an inert atmosphere and separate non-metal precursors (e.g. 
thiourea, H2S, NH3, CH4) unlike oxides which can be created using air as a carrier gas. Single 
source precursors containing both metal and non-metal have also been illustrated in the literature. 
Materials prepared from single source precursors showed better product purity, composition, and 
stoichiometry.55,56 
The synthesis of metal nitrides by spray pyrolysis has been limited by the availability of 
suitable precursors and the high synthesis temperatures typically required, but these limitations 
are starting to be overcome. The synthesis of Si3N4 by spray pyrolysis of a polysilazane solution 
in N2 was reported in 1989,57 but more recently Bang et al. have shown that TiN could be 
prepared by post-synthesis treatment of ZnTiO4.58 They were able to show that hierarchically 
porous TiN could be created by first generating ZnTiO4 by spray pyrolysis, followed by a post-
synthesis treatment in ammonia gas. The ammonia gas reduces the zinc in the particles to the 
metallic state, which is then volatilized out of the product at high temperature and carried away 
(Figure 1.12).58 
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Figure 1.12. SEM and TEM images of a Zn2TiO4 hollow sphere (a and b,respectively) and 
mesoporous TiN microspheres (c and d, respectively).58 
 
Some of the most interesting developments in spray pyrolysis have been made in the 
preparation of metal chalcogenides. The synthesis of nanoparticles by spray pyrolysis has been a 
significant challenge since each droplet results in a single particle. With ultrasonic nebulizers 
operating at 3 MHz, the aerosol droplets are still a micron or more in size. Okuyama and 
coworker studied the effect of precursor concentration has on the size of ZnS and CdS particles 
produced with the goal of producing nanoparticles by spray pyrolysis.59 They found that the size 
of the particles generated by spray pyrolysis decreased following Lang’s equation (Equation 1.1) 
as precursor concentration was reduced, but the low concentration required to produce 
nanoparticles made the rate of particles produced prohibitively small (Figure 1.13). 
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Figure 1.13 SEMs of ZnS particles prepared at different precursor solution concentrations.  
Zn(NO3)2 concentration: (A)  0.001 M,  (B)  0.05 M,  (C) 0.1 M, and (D) 0.5 M.59 
 
Suslick and coworkers were able to overcome the problem of single droplets producing a 
single particle, and have shown that a variety of nanoparticulate sulfides and other chalcogenides 
can be prepared using a modified spray pyrolysis methods.60,61 For instance, Didenko and 
Suslick have developed a novel modified spray pyrolysis method they called chemical aerosol 
flow synthesis (CAFS), for preparing metal chalcogenide quantum dots (QDs).61 In their method, 
combinations of cadmium and chalcogenide precursors were nebulized with a surfactant capping 
agent in a combination of toluene and high boiling point solvents. In this way, the individual 
droplets of liquid solutions act as reactors forming surfactant passivated CdS, CdSe, and CdTe 
QDs. The CAFS method could be considered superior to conventional solution methods which 
use large volumes of high boiling point solvents into which aggressive and toxic chemicals must 
be injected quickly and reproducibly.62,63 The large-scale production of QDs has been a 
challenge due to poor temperature control and homogeneous mixing for fast reactions in large 
volumes. Microflow reactors have been created for the large-scale production of QDs, and these 
methods allow for better temperature control and mixing of precursors but suffer from slow 
production rates.62 The CAFS method developed by Didenko and Suslick overcomes these 
challenges.  The micron sized droplets of precursor are sufficiently small for fast, even heating to 
A B C D
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occur, and the evaporation of toluene from the higher boiling point solvent allows precursors to 
be concentrated in a uniform manner. The QDs prepared by CAFS were highly fluorescent with 
a quantum yield of ~25%, and were tunable over a broad spectral region by simply changing the 
temperature of the furnace (Figure 1.14). 
 
 
 
Figure 1.14. TEM image of CdSe QDs (left) and photoluminescence spectra (right) of CdSe 
QDs obtained at temperatures of 240, 260, 280, 300, 320, and 340 °C (from left to right) in 
toluene solution.61 
 
The synthesis of metal carbides has been another challenge for spray pyrolysis, but 
Kortobi and coworkers were able to prepare ultrafine and amorphous Si/C/N powders by 
pyrolyzing aerosol droplets of hexamethyldisilazane using a high power CO2 laser in an 
atmosphere of ammonia and argon.64 While not using an aerosol but relevant to the work in this 
thesis, Itatani et al. were able to create aluminum carbide and metallic aluminum composite 
materials by pyrolyzing alkyl-aluminum precursor vapor (Figure 1.15).65 
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Figure 1.15. High resolution TEM micrograph and electron diffraction pattern of Al4C3 particles 
prepared by pyrolysis of triethylaluminum at 1100 °C.65 
 
1.4.3 Carbon Materials 
While metal oxides could be considered the quintessential spray pyrolysis product and 
many interesting sulfides have been prepared, the materials with the most diverse morphologies 
created so far are carbon particles. In many of the previous examples, colloidal silica was used as 
a hard template to create porous products with the silica removed via a post-synthesis etching 
step. When preparing carbon materials, however, Suslick and coworkers have used alternative 
approaches for adding porosity, such as salts and gases generated in situ.66,67 These in situ 
templating methods are far less costly than previous reports using expensive preexisting colloidal 
polymer or silica templates, and have the added benefit that the templating agents are gasses or 
salts that pass through or are washed out during the collection of the product in water-filled 
bubblers. 
Skrabalak and Suslick found that by nebulizing aqueous solutions of various organic salts 
(e.g. alkali metal chloroacetate and dichloroacetate) and pyrolyzing the aerosol droplets they 
were able to create microspheres of amorphous carbon with a myriad of morphologies (Fig. 
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10).67 By examining a broad selection of similar organic salt precursors, Skrabalak and Suslick 
were able to develop a rational design criterion for creating porous carbon materials with salt 
templates. They assumed that volatile, highly stabile leaving groups dissociate rapidly from the 
heated droplet, and developed an empirical equation to highlight the best precursors (Equation 
1.3 and Figure 1.16). To use their equation the chemical formula is rearranged to show the 
expected leaving groups, for example sodium dichloroacetate (Cl2HCCO2Na) would be 
expressed as NaCl C (CO2) HCl. Upon pyrolysis of this precursor with the loss of HCl and CO2, 
one expects NaCl and a remnant carbon atom. For the ideal precursors, b = c in Eq. 3. Skrabalak 
and Suslick define N, such that N = b – c, as the excess (or deficit if negative) of hydrogen in the 
precursor necessary for ideal decomposition. 
 
 
 
Figure 1.16. SEM images of carbon materials prepared by USP of 1.5 M aqueous solutions of 
alkali metal chloroacetates (CA) and dichloroacetates (DCA). (a) Li-CA; (b) Na-CA; (c) K-CA; 
(d) Li-DCA; (e) Na-DCA; (f) K-DCA.67 
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Figure 1.17. Preparation of porous carbons as a function of precursor stoichiometry. In red, 
precursors that generate spheres or networks. In black, precursors that do not produce any 
product. In blue, precursors that produce ill-defined solids. In green, precursors that produce 
mixed results. The precursors are clustered by the number N, defined by equation 3, which 
represents the excess (or deficient if negative) of hydrogen in the precursor necessary for ideal 
decomposition.67 
 
 MmXmCn (CO2 or SO3)aHbXc             (1.3) 
 
One possible drawback to the carbon materials prepared by USP in the work of Skrabalak 
and Suslick is the cost of the precursors and the production of HCl during their decomposition. 
These hurdles were overcome by Fortunato and coworkers by using sucrose as a carbon source 
and carbonate salts which induced porosity by the formation of CO2 when decomposed.66 The 
carbon materials created showed interesting hierarchical pore structures consisting of a 
microporous shell surrounding a macroporous core (Figure 1.18a,b). The carbon materials were 
shown to have high surface areas (up to 800 m2/g) and very narrow pore size distributions 
(Figure 1.18c). Fortunato and coworkers demonstrated the utility of USP for environmentally 
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friendly material synthesis, and were able to prepare highly porous carbon easily from cheap 
carbohydrates without the need for sacrificial templates or generating toxic byproducts, such as 
HCl. The unique hierarchical pore structures and high surface areas suggest the material may 
find use as catalyst supports or adsorbents. The hollow interior provides a low-density, free-
flowing morphology could also prove useful for applications requiring a fluidized bed reactor or 
packed chromatographic column. 
 
 
 
Figure 1.18. Porous carbon prepared from 0.5 M sucrose and Na2CO3. (a) Focused ion beam 
image of interior of 1.0 M Na2CO3 product; (b) TEM image of microporous outer shell of 0.5 M 
Na2CO3 product; (c) pore size distribution of porous carbon spheres.66 
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1.4.4 Metals 
 The synthesis of metals by spray pyrolysis is another popular area of research. Often the 
precursors and synthesis conditions used for preparing metal oxides are the same for preparing 
metal powders except that oxygen is excluded from the system and reductive gases (e.g. H2, CO) 
are used to ensure the formation of the metal. For example, Kodas and coworkers reported the 
preparation of both Pd and PdO powders by spray pyrolysis using Pd(NO3)2 as a precursor.68 
They found that when O2 was used as the carrier gas, PdO was formed preferentially; however, 
when the carrier gas was switched to dry N2, Pd formed.  They also noted that for lower-melting 
metals, nonporous and dense particles were formed if the furnace temperature exceeded the 
melting point of the metal.  Otherwise, defects were observed in the metal particles. Additional 
reports of metal powders include Ni,69,70 bimetallic Au/Pd and Au/Ag,71,72 Co,73 and metallic 
nanowires.74 Interestingly, to date there has yet to be a spray pyrolysis method for preparing 
metals with a reduction potential above that of hydrogen. 
 
1.5 Summary and Future Outlook 
 As this introduction illustrates, aerosol methods, and particularly spray pyrolysis, have 
been used extensively to deposit high purity thin films and prepare fine powders with particle 
sizes ranging from microns to a few nanometers. A wide range of materials have been prepared, 
including metals, single and mixed metal oxides, and metal chalcogenides. Materials with new, 
complex chemistries (e.g. metal-ion doped materials) and novel morphologies have been created 
using modified spray pyrolysis techniques. While the number of materials that can be prepared 
by spray pyrolysis is large and continues to grow, there have been few research groups exploring 
hierarchical design and morphology control with the materials created by spray pyrolysis. It is in 
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this context that Suslick group became interested in spray pyrolysis. Along with the Okuyama 
group, the Suslick group has sought to expand the use of spray pyrolysis as a synthetic tool by 
introducing more structural and chemical complexity to the materials produced. The work in this 
dissertation focuses on expanding the types of materials prepared by spray pyrolysis to include 
highly energetic materials75, and on characterizing the performance of photocatalysts for water 
splitting which were created using ultrasonic spray pyrolysis.46,60 These works illustrate the 
versatility of spray pyrolysis and open up methods for preparing materials that previously have 
been unknown. 
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CHAPTER 2 
 
ALUMINUM POWDERS IN EXPLOSIVE FORMULATIONS 
 
2.1 Introduction 
 Highly energetic materials have played a pivotal role throughout the history of 
civilization, beginning with the development of gunpowder (more accurately black powder) 
around 220 BC, in what is now China.1 Exactly how black powder was invented is unclear, but 
stories suggest that black powder was discovered accidentally by Chinese alchemists attempting 
to separate silver and gold in a low-temperature reaction. The alchemists’ process was to add 
charcoal first, then potassium nitrate and sulfur, but in one instance the charcoal was omitted. 
Trying to correct for their omission after adding the potassium nitrate and sulfur, the alchemists 
added charcoal last, resulting in a large explosion.2  
While black powder was used initially in pyrotechnics and signal flares, modern uses of 
energetic materials have been expanded dramatically to include many beneficial applications in 
mining, construction, rocket propulsion, and demolition, in addition to numerous and varied 
weaponized uses. Given their past historical importance, there is little doubt that the continued 
development of highly energetic materials will play an important role in the future. 
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2.2 Historical and Modern Explosives 
2.2.1 Gunpowder and Physical Mixtures 
 Gunpowder is the generic term given to the propellant used for firearms. More 
specifically, mixtures containing sulfur, charcoal, and potassium nitrate are referred to as black 
powder. This mixture behaves as either an explosive or propellant depending on the exact 
proportions of each ingredient and the size of the particles that the mixture is pressed into. Early 
formulation of black powder consisted of ~50 wt% potassium nitrate and ~25 wt% of sulfur and 
charcoal and could be classified as a weak explosive. Over time, the proportion of each 
ingredient changed, but overall greater amounts of potassium nitrate were used since this 
appeared to increase the brisance. Today, modern ‘service black powder’ consists of 75 wt% 
potassium nitrate, 10 wt% sulfur, and 15 wt% charcoal. A general reaction for this mixture of 
chemicals is given in Scheme 2.1, and the reaction of these chemicals has a heat release of 
approximately 2.9 kJ/g of black powder. While black powder has safety advantages such as 
being insensitive to mechanical shock, friction, or electric spark, the large amounts of corrosive 
residue left behind meant that early firearms had to be meticulously cleaned to prevent fouling, 
and to remain active black powder had to be kept dry. 
 
 
 
Scheme 2.1. The chemical reaction of black powder. 
  
10 KNO3 + 8 C + 3 S                    2 K2CO3 + 3 K2SO4 + 6 CO2 + 5 N2
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2.2.2 Modern Mono-Molecular Explosives 
Black powder was the sole known explosive until about 1800, when new explosives 
(mercury fulminate, cellulose nitrate, picric acid, nitroglycerine, and trinitrotoluene) were 
developed to overcome the limitations of black powder in mining applications. These were the 
first examples of molecular explosives (typically organic molecules containing many nitro 
groups) developed, and nearly all of them are sensitive to friction, mechanical shock, and 
electrostatic discharge. 
 Based on these initial molecular explosives, chemists have developed numerous organic 
based explosives (e.g. RDX, PETN, CL-20, etc.) containing both fuel and oxidizer covalently 
bonded together (Figure 2.1). Systematic approaches to the relationship between the explosive 
properties of a molecule and its structure have been outlined previously by Pletz3, but a better 
approached is to classify explosives based on performance and uses. (Figure 2.2) Using this 
classification explosives are divided into three classes: (i) primary, (ii) secondary, and (iii) 
propellants. Primary explosives are sensitive to both heat and shocks and undergo a very rapid 
transition from burning to detonation. Primary explosives also have the ability to transmit 
detonation to less sensitive explosives. For these reasons, they are typically only used to initiate a 
secondary explosive. Secondary explosives, also known as high explosives, differ from primary 
explosives in that they cannot be easily detonated by heat or shock and are typically more 
powerful than primary explosives. Secondary explosives typically can only be initiated by 
primary explosives and, when initiated, almost instantaneously (on the order of microseconds) 
react to form typical combustion products (Scheme 2.2). Propellants are characterized by 
containing much of the oxygen necessary for combustion, as compared to secondary explosives 
which are typically oxygen deficient. Lastly, propellants merely burn quickly, but do not 
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explode. These materials can be initiated with a spark or flame, and change from solid to gas 
relatively slowly compared to primary or secondary explosives (i.e. milliseconds). 
 
 
Figure 2.1. Structures of several modern explosive molecules. (a) RDX, (b) PETN, (c) CL-20. 
 
 
 
 
Figure 2.2. Classification of explosive substances according to performance and use.2 
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Scheme 2.2. Reaction of RDX upon detonation with a primary explosive. 
 
2.2.3 Performance and Limitations 
The mono-molecular bonding of oxidizer and fuel in modern high explosives (HEs) 
results in very fast reaction speeds (detonation) limited only by the chemical reaction kinetics. 
The detonation of these materials leads to large localized heat and pressure; however a major 
limitation of all organic based molecular explosives developed thus far is that the total energy 
density achievable is limited to ~ 12 kJ/cm3 (Table 2.1).4 The energy density, however, is not to 
be confused with detonation velocity which varies widely with each specific explosive (Table 
2.2). The energy density limit is due to the reaction products (COx, NOx, N2, and H2O) being the 
same regardless of the structure of the initial molecule, and the pure crystalline materials 
exhibiting similar densities.  
  
C3H6N6O6 3 CO + 3 H2O + 3 N2
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Table 2.1. Energy density of several modern molecular and composite energetic materials.4 
 
 
Table 2.2. A comparison of the detonation velocity for some primary and secondary 
explosives. 2 
 
 
Energetic Material Energy Density (kJ/cm3)
ADN/Al (max.) 23
Compression Moldable 19-22
Strategic Propellants 14-16
CL-20 (neat) 12.6
Tritonal 12.1
HMX (neat) 11.1
LX-14 10
TATB (neat) 8.5
Composite C-4 8
LX-17 7.7
TNT (neat) 7.6
High Energy
Low Energy
Explosive Density 
(g/cm3)
Detonation
Velocity (m/s)
Primary Explosives
Lead Styphnate 2.9 5200
Lead Azide 3.8 4500
Mercury Fulminate 3.3 4480
Secondary Explosives
HMX 1.89 9110
RDX 1.70 8440
PETN 1.60 7920
TNT 1.55 6850
Picric Acid 1.60 7900
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 In attempts to overcome the limit on energy density for purely organic explosives, finely 
divided metals have been added to explosive formulations. The first patent for Al incorporation 
into explosive formulations was given in 1899, and Al came into wide use during World War I as 
an ingredient of ammonals (a mixture of NH4NO3, TNT, and Al) with loadings of 10 to 20 wt% 
Al.5 These mixtures were used in underwater mines where the longer explosive impulse of this 
mixture was superior to the brisance of traditional explosives. More recently, other metals such 
as B, Ti, W, and Zr, with energy densities far greater (e.g. more than 10-fold increase for boron) 
than organic explosives (Figure 2.3), have begun to be explored for inclusion in explosive 
formulations.6 
 
 
 
Figure 2.3. The trends of mass and volumetric energy density for the combustion of the 
elements.6 
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2.3 Fine Aluminum Powders 
2.3.1 Micron-sized Aluminum Powders 
 While many metals have been explored for inclusion in explosives formulations, by far, 
aluminum has been examined the mostly due to its availability, low cost, and large heat of 
reaction. The production of micron-sized aluminum powders has been carried out on industrial 
scales using a variety of methods, such as attrition/milling or liquid metal atomization (Figure 
2.4 and 2.5). These methods have proven to be useful for producing particle sizes from 10’s to 
100’s of microns. These larger particles are beneficial because they contain a high percentage of 
active aluminum (>90 wt%), but typically react more slowly with larger sizes. Much of the early 
work with these methods was to develop particles with smaller sizes and with narrow size 
distributions. 
 
 
Figure 2.4. Ball milling aluminum into a fine powder using lead-antimony grinding media. 
Reproduced with permission from http://en.wikipedia.org/ 
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Figure 2.5. Gas-assisted atomization of molten aluminum to form micron sized particles.7 
  
41 
 
2.3.2 Nano-sized Aluminum Powders 
While early micron-sized particles produced using attrition and atomization methods 
were easily produced on a kilogram scale, researchers realized that the performance of 
explosives containing aluminum particles could be improved by further reducing the size of the 
particles. New physical methods were developed for producing smaller, nanometer sized 
particles of aluminum. Two of the more successful methods developed are electrical exploding 
wires and laser ablation/plasma condensation.8-10  
The electrical exploding wire (EEW) method was pioneered by Russian scientists and is 
now commonly commercially produced under the name ‘ALEX’ by many companies.11 The 
EEW method passes a high current through an aluminum wire. The wire is resistively heated at a 
high rate such that the wire melts and is vaporized. An example of one of these systems is shown 
in Figure 2.6. A circuit diagram and typical current verses time curves for the EEW production 
of aluminum nanopowders is shown in Figure 2.7. These types of systems are cheaper than 
processes using laser or plasma sputtering since high vacuum is not required and all the energy 
used goes into producing the aluminum powder; however, costly and large current sources are 
required. The EEW process is capable of creating hundreds of grams of aluminum powder per 
hour using automated wire feed systems for continuous operation. 
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Figure 2.6. Photo of a typical electrical exploding wire apparatus for making aluminum 
nanoparticles. (1) explosion chamber; (2) powder filter; (3) powder collector; (4) high-voltage 
circuit.10 
 
 
 
Figure 2.7. (a) Circuit diagram for an electrical exploding wire apparatus. C = capacitor, S = 
switch, L = inductor, R = resistor, EW = exploding wire. (b) Current verses time curve for the 
circuit in (a). ISS = current under short circuit conditions, IEW = current under exploding wire 
conditions.8 
 
 The particles produced using the EEW process generally have sizes below 100 nm and 
have broad particles size distributions (Figure 2.8). Limited control over particles size has been 
demonstrated with particle sizes dependent on various synthesis conditions such as gas pressure 
and composition, circuit inductance, as well as wire gauge, length, and composition. Powders 
produced by EEW are pyrophoric if immediately exposed to oxygen and thus are typically 
passivated by a thin oxide layer formed by controlled and slow introduction of oxygen into the 
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particles. This results in particles passivated with a layer of amorphous aluminum oxide that is 2 
to 3 nm thick (Figure 2.9). The nanoparticles are then heat treated around 400 °C to harden the 
oxide coating and improve the aging characteristics of the particles. Freshly prepared EEW 
aluminum powder typically contains >80 wt% active aluminum content, but this can decrease 
significantly if the particles are not stored under dry, inert conditions.10 
 
 
 
Figure 2.8. Size distribution for aluminum particles created by electrical exploding wire in 
nitrogen. (a) P = 25 kPa, (b) 50 kPa, (c) 100 kPa.12 
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Figure 2.9. High resolution TEM micrographs showing the oxide layer formed on aluminum 
nanoparticles produced using the electrical exploding wire method.13 
 
 As stated earlier, another successful physical method for producing aluminum 
nanoparticles is laser ablation/plasma condensation. A schematic for a representative laser 
ablation system is shown in Figure 2.10. These methods use either a laser or DC source to 
generate an aluminum plasma which is allowed to cool and condense into neutral atoms. Upon 
further cooling, the neutral atoms condense into nanoparticles of aluminum. This method is 
similar to the EEW method, in that a vapor of the metal is allowed to cool and condense into 
nanoparticles. A major difference, however, is that these plasma methods require high vacuum 
systems unlike the EEW systems mentioned earlier.  
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Figure 2.10. Schematic diagram of a laser ablation system for preparing nanoparticles of 
aluminum.14 
 
 Since the mechanism for the formation of particles is similar for both EEW and plasma 
methods, the particles that are formed have similar sizes and size distributions (Figure 2.11). 
Also, similar to the EEW, the particles produced by plasma sources are unpassivated and must be 
exposed to oxygen in a metered manner to avoid complete combustion upon exposure to the 
ambient atmosphere. 
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Figure 2.11. Aluminum nanoparticle size distribution produced by plasma condensation 
measured by a differential mobility analyzer connected to a condensation particle counter.15 
 
In 1996, Higa et al. patented a chemical process for producing aluminum nanoparticles 
via a decomposition of aluminum hydride complexes using transition metal complexes as 
catalysts (Scheme 2.3).16 Higa and coworkers used work from an earlier patent on an aluminum 
plating process by Schmidt and Hellman17, and showed that aluminum particles with sizes of 100 
to 500 nm could be prepared by adding catalytic amounts of transition metal complexes, such as 
TiCl4 or Ti(iPrO)4 to stirred solutions of aluminum hydride complexes. The aluminum particles 
from these reactions were shown to consist of up to 93 wt% metallic aluminum. Higa’s patent is 
significant because it opened up an avenue for creating nanoparticles of aluminum in solution 
and did not require large complex instruments such as those needed for the EEW and plasma 
methods describe previously. Higa’s work has been further refined, and reports are in the 
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literature of aluminum particles with sizes less than 100 nm using Higa’s catalyzed 
decomposition reaction (Figure 2.12).18  
 
 
Scheme 2.3. Reaction for the catalytic decomposition of aluminum hydrides using titanium 
metal complexes. 
 
 
 
Figure 2.12. (a) S-TEM micrograph and (b) high resolution TEM micrograph of aluminum 
nanoparticles prepared from [(C2H5)(CH3)N]AlH3. (c) Statistical analysis of particles sizes based 
on multiple SEM images.18 
 
 
R3N:AlH3 Al(m) + NR3 + 3/2H2
TiCl4, Ti(i-PrO)4, etc.
a
b c
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A significant problem with nanoparticles verses micron-sized particles is the dramatically 
increased surface area to volume ratio. Aluminum forms an oxide passivation layer, typically 2 
to 5 nm thick, so for nanoparticles this becomes a significant proportion of the total particle. For 
example, the oxide coating would constitute ~36% of the mass of a 20 nm aluminum particle 
with only a 2 nm thick oxide coating. Due to this drawback, alternative methods for passivating 
nanoparticles against oxidation have been an important topic of research for many scientists in 
this field. Numerous surface passivation methods have been investigated, such as surface 
assembled monolayers using long-chain fatty acids and other molecules containing OH 
functional groups19-22; plating other metals (e.g. Au, Pd, Ni, Ag, etc) on the surface of the 
aluminum nanoparticles23; and decomposing  gases such as ethylene on the surface of the 
particles in the gas phase to form carbonaceous layers on the surface15. 
Surface passivation using long chain fatty acid molecules or other hydroxyl group 
functionalized molecules has comprised the majority of the work on surface passivation of 
aluminum nanoparticles. Passivation is accomplished by adding the capping molecules in 
solution to the alane decomposition reaction after a specified length of reaction time (Figure 
2.13). The bonding of the fatty acid molecules to the surface of the aluminum nanoparticles has 
been investigated spectroscopically using FTIR to probe the carboxylate stretching frequencies.  
The results of these investigations suggest that the fatty acid molecules bond to the surface of the 
nanoparticles in a bridging fashion as opposed to mono- or bidentate binding (Figure 2.14).24 
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Figure 2.13. TEM micrographs of aluminum nanoparticles passivated with (a) epoxyhexane, 19 
and (b) hydroxyterminated polybutadiene.14 
 
 
 
 
 
Figure 2.14. FTIR spectra of (a) free acid perfluorotetradecanoic acid and (b) 
perfluorotetradecanoic acid passivated aluminum nanoparticles. Inset shows the binding mode 
supported by the spectroscopic evidence.21 
  
(a)
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Jouet and coworkers’ contributions to the work of surface passivation with long chain 
fatty acids are of particular interest.22 Instead of using simple aliphatic backbones, Jouet used 
fluorinated carboxylic acids. This could be considered a step in the direction of making metallic 
analogues of mono-molecular organic explosives as described earlier. When the perfluoro-
carboxylic acid chains and aluminum nanoparticles react, AlF3 is formed in addition to Al2O3. 
Taking this work a step further Jouet has also begun to include energetic functional groups (i.e. -
NO2 groups) on fluorinate capping molecules to make organic functionalized metallic energetic 
composite materials.  
Foley and coworkers have shown that aluminum nanoparticles can be passivated against 
oxidation by coating the particles in different metals (Figure 2.15). Foley showed that aluminum 
nanoparticles that were slurried with solutions containing acetylacetonates of Pd, Ag, Au, or Ni 
increased the nanoparticles’ resistance to oxidation in air.23 Of all the metals tested Ni was 
shown to give the best passivation and aging characteristics. More recent investigations into 
metal passivation of aluminum nanoparticles, however, have shown that the particles are not 
coated in a continuous layer of passivating metal.25 Instead the aluminum nanoparticles are 
decorated with islands of the passivating metal. These islands have various sizes depending on 
which metal is used, but are the smallest for aluminum particles passivated with Ni. 
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Figure 2.15. Aging of metal-coated powder samples at 85% relative humidity and room 
temperature from the final weight percent increase observed for each type of material by thermal 
analysis. A higher final weight percent indicates a larger amount of active aluminum content.23 
 
2.4 Performance Characteristics of Aluminum in Explosive Formulations 
 The physical and chemical behavior of aluminum powders and their effects on the 
performance of explosives has been the topic of many studies since the development of EEW 
aluminum nanoparticles in the early 1990’s. While aluminized explosive formulations generally 
have shown enhanced performance in terms of increased detonation temperatures and pressures, 
the exact origins and subtle performance differences between formulations that utilize micron or 
nanoparticles are still being examined. Some of the factors that impact the performance of 
aluminized explosives are: 
1. The amount of active aluminum. 
2. The thickness of the oxide layer on the aluminum particles. 
3. The size and shape of the aluminum particles. 
4. The physical properties of the of the explosives charge. 
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As many scientists are continuing to investigate the properties of aluminized explosives, 
a simple general model of aluminum particle ignition and combustion based on detonation 
temperature and pressure from their work thus far can explain many of the performance 
characteristics of these materials. 
For any chemical reactions, the primary rate limiting factor is the concentration of 
available reactants. For aluminum particles, the reaction rate is strongly influenced by the 
amount of active surface material. Hence, one of the most effective ways to increase the rate of 
combustion is to decrease the size of the aluminum particles used in the explosives, resulting in a 
greater amount of surface aluminum in contact with surround oxidizers. This has been the 
driving force for the development of nanoparticles, and the ultrafine aluminum particles prepared 
by techniques such as EEW or decomposition of alanes using titanium complexes have been 
demonstrated to significantly increase the velocity of detonation for explosives formulations 
(Figure 2.16). 
 
 
Figure 2.16. Effect of the aluminum content on the detonation velocity for TNT/Al mixes at a 
charge diameter of 25.4 mm.26 
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 The velocity of detonation in energetic composites is essentially a measure of the rate of 
the fastest reaction in the detonation process. It would be tempting to attribute the relative 
increases in the detonation velocity of aluminized explosives with nanoparticles simply to their 
higher rate of combustion; however if this were the case then replacing aluminized explosives 
with micron-sized particles with nanoparticles should always result in enhanced performance, 
but many previous reports in the literature have shown this is not true (Table 2.3). Explosive 
formulations with aluminum nanoparticles can have higher, lower, or similar detonation 
velocities compared to their counterparts containing micron-sized particles. 
 
Table 2.3. Reported changes in detonation velocity of aluminized explosives upon substitution 
of micron-sized particles with nanoparticles of aluminum. 
 
Ref. Formulation Detonation Velocity 
27,28 HMX + binder Decrease 
29 NM + PMMA + Al Decrease 
30-32 RDX + AP + Al + binder Similar/Slightly Lower 
 CL-20/Al Same 
28 BTNNA + Al Same 
29,30 TNT + Al Decrease (confined) 
Increase (unconfined) 
33 ADN + Al + binder Increase 
34 Lactose + Al + AP Increase 
 
One trend that can be observed from Table 2.x, is that aluminum nanoparticles do not 
always increase the detonation velocity of explosive formulations. For high explosives (HMX 
and RDX) aluminum nanoparticles actually decrease the detonation velocity, but for less 
powerful explosives such as those using ammonium nitrate (AN), ammonium dinitramide 
(ADN), or ammonium perchlorate (AP) the detonation velocity increases. Explosives with 
oxidizers such as ammonium nitrate typically have detonation velocities ~ 1-2 km/s, compared to 
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7-8 km/sec for HMX or RDX. This pattern of enhancement for lower yielding explosives 
indicates that the rate of aluminum oxidation is fast enough to contribute energy to the 
detonation front, but is too slow for high explosives. This idea was confirmed in reports by 
Maranda et al. for 80:10:10 AN/TNT/Al composites.35 Similar trends have been observed for 
Tritonal formulations containing aluminum nanoparticles; the oxidation of the aluminum 
nanoparticles is fast enough to influence the detonation reaction of a high explosive with 
detonation velocities up to ~6-7 km/sec.36 
Often, the detrimental effects of adding aluminum particles to some explosives 
formulations are attributed to the aluminum acting as an inert diluent, but careful studies by 
Dremin and coworkers show that aluminum lowers detonation pressures more than an ideal 
diluent, and that the effect becomes more pronounced for smaller particle sizes (Table 2.4).37 The 
simplest explanation proposed for the initial endothermic effect of aluminum particles on 
detonation is that the reaction of Al particles takes place in two steps: ignition and combustion. 
Although aluminum is a highly energetic fuel, and its oxidation is strongly exothermic, the 
particles must first absorb enough energy to vaporize the metal and breach any non-reactive 
oxide on the surface. As the surface area to volume ratio increases for smaller particles a greater 
percentage of the particle mass is aluminum oxide and a greater amount of energy must be 
absorbed by the particles before they’re able to begin oxidizing. 
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Table 2.4. The effects of Al and SiO2 particle size on TNT performance.37 
 
Explosive 
Formulation 
Particle Size 
(μm) 
Detonation 
Velocity (km/sec) 
Detonation 
Pressure (GPa) 
85:15 TNT/Al 0.2 5750 10.0 
 80 6200 13.4 
 >270 6270 13.7 
85:15 TNT/SiO2 <0.2 5980 13.5 
 270 6270 14.3 
TNT  6200 12.2 
 
 In the preceding model, the reaction of aluminum during detonation proceeds in a step-
wise manner: 
1. The aluminum particles absorb shock and thermal energy from the detonation front. 
2. The absorbed energy melts, vaporizes, cracks, or blows away any oxide shell, and 
proceeds to melt and vaporize the metallic aluminum. 
3. Upon reaching a certain temperature, the Al particles ignite and react with the 
detonation products either within or following the detonation front. 
4. Energy released by the combustion of the aluminum particles increases the 
temperature and pressure of the detonation products. 
The light emission from burning aluminum in explosives formulations has been imaged and 
modeled, supporting this step-wise oxidation model (Figure 2.17). Typical detonation pressures 
in explosives formulations are at least a thousand times greater than the pressures needed to 
breach the oxide coating on aluminum particles. Likewise, the detonation temperatures (between 
2500 and 3200 °C for TNT) are greater than the melting point of aluminum oxide (~2070 °C) 
and high enough to vaporize the active aluminum within the particles (b.p. 2480 °C). 
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Figure 2.17. Experimental and numerical image of the detonating charge at a delay of 30 ms 
after the charge initiation. Bright areas on the camera image (left half of figure) reflect the 
luminosity surrounding the charge as it expands. The particle volume fraction contour and 
leading edge of both the shock and detonation product fronts are labeled on the simulated result 
(right half of figure). The regions where particles are predicted to outrun detonation products 
coincide with the brightest regions of the experimental image.38 
 
For aluminum particles to enhance the performance of explosives, combustion of the 
particles must begin within the detonation reaction zone. Using TNT as an example, aluminum 
particles would have to react within 250 to 350 nsec to effectively enhance the detonation in 
composite formulations.39 Studies on micron-sized aluminum particles (8 to 15 μm) have shown 
that combustion does not occur until well after this window for enhancing detonation, but for 
smaller particles (e.g. ALEX) the reaction is fast enough to boost detonation beyond the 
performance seen for pure TNT (Figure 2.18). Through careful measurement Leiper and Cooper 
were able to develop an empirical formula that relates the time to ignition (𝑡) to the aluminum 
particle diameter (𝜑 in μm) (Equation 2.1).40 The validity of the equation was tested by 
examining the ignition delay for paint grade aluminum flakes (particle size ~ 100 nm) and 
calculateing that ignition should occur within 160 to 220 nsec. Experimental measurements 
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showed the particles ignited within 200±20 nsec, which is in good agreement with the predicted 
value and fast enough to enhance the detonation for TNT. 
 
Figure 2.18. Effect of aluminum particle size on the performance of TNT/Al compositions. 
Aluminum powders were Argonide Alex (~200 nm), Valimet H-2 (~ 2 μm), Valimet H-15 (~12 
μm), and Alcan MXD-75 (~ 21 μm). Drawn from Table 4 in Ref. 41 
 
𝑡 ~ 0.5𝜑0.5      (2.1) 
2.5  Summary 
 Its easy to see that explosives formulations have developed well beyond even modern 
mixtures of black powder with high percentages of potassium nitrate. Modern mono-molecular 
explosives such as TNT, RDX, and CL-20 show large improvements in terms of detonation 
velocity compared to black powder, with octanitrocubane topping the charts at close to 10 km/s.4 
These mono-molecular explosives show great briance, but their total energy density is limited to 
~ 12 kJ/cm3 due to the combustion products being the same and limited bulk density. 
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  Metals have a much higher energy density compared to organic explosives, but must be 
finely divided in order to oxidize and release their energy at an acceptable rate. Aluminum has 
been and likely will continue to be a target of interested for including in explosives formulations 
due to its abundance, availability, and heat of reaction for oxidation. 
 The aluminum particles used in explosives formulations have developed significantly 
from the micron-sized particles first used in ammonal loaded underwater mines. New methods 
such as electrically exploded wires and plasma condensation have led to particles with sizes in 
the nanometer range. These particles are beneficial for use in explosives formulations because 
their smaller size leads to reduced problems with diffusion during detonation and combustion. 
The reduction in size down to the nanometer scale has not occurred without additional 
challenges. The higher surface area to volume ratio for nanoparticles means a great percentage of 
the particle’s mass is taken up when the particles are oxide passivated. The oxide layer reduces 
the energy available for the aluminum particles to add to a detonation, as well as increase the 
temperature required for ignition. 
 Alternative methods for passivating nanoparticles of aluminum have been developed. 
Long chain fatty acids and other molecules containing hydroxyl groups have shown some ability 
to passivate aluminum nanoparticles against oxidation from oxygen and water vapor in the 
atmosphere. Jouet and coworkers, in particular, have shown perfluoro-carboxylic acids can 
passivate the nanoparticles and add to their energetic combustion. Another method for 
passivating aluminum nanoparticles uses a sacrificial or precious metal to prevent oxidation of 
the aluminum. Nickel has been shown to have the best performance in this role; however, the 
aluminum particles are merely decorated with nickel and are not fully passivated with this 
sacrificial metal. Lastly, a few studies have shown the passivation of aluminum particles created 
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by plasma condensation using ethylene to create a carbonaceous layer on the surface of the 
particles. Aluminum particles prepared in this way were shown to be well passivated again 
oxidation, however, the synthetic methods employed severely limit the amount of product that 
could be collected to the point that only academic studies could be performed on the particles’ 
characteristics. 
 Including aluminum particles in explosives formulations has shown improvement in 
several performance criteria, such as velocity of detonation, temperature, and pressure duration. 
The velocity of detonation of explosives formulations has seen increases mostly due to particle 
size reduction and improved diffusion associated with the smaller particles. Improvements in 
explosive pressure duration have been observed for all sizes of particles and can be linked to the 
higher explosion temperatures caused by aluminum’s higher heat of combustion compared to 
carbon. The increased pressure duration has been a stepping stone in the development of 
thermobaric weapons, while the higher temperatures created in aluminized explosives has been 
used, in combination with silver particles for example, to neutralize any chemical or biological 
weapons that might be stored in bunkers. It is important to note, however, that the size of the 
aluminum particles needs to be tailored to the specific explosive. Particle sizes that are too big 
will not react fast enough to add to the detonation wave, and adding smaller particles can 
decrease the detonation energy due to absorbing energy before combustion starts to occur. 
 
 2.6 Future Outlook of Aluminum in Explosives 
 While previous work has shown many benefits from adding aluminum nanoparticles in 
explosives formulations, room for further development in terms of particle size reduction and 
passivation remains. The current processes used for preparing bulk amounts of aluminum 
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nanoparticles (electrical exploding wire, laser ablation, and decomposition of alane complexes) 
have reached a plateau for the dimensions of particles and moving to scales smaller than 
nanoparticles leads to cluster compounds. The preparation of clusters consisting of noble metals 
(i.e. Au, Pd, Pt) has been well demonstrated in the literature.42 The preparation and 
characterization of clusters of more reactive metals, such as aluminum, has been limited to 
fundamental academic studies usually performed under high vacuum due to the reactivity of 
these cluster.43,44 Recently, Schnöckel, Schnepf, and others have pioneered the preparation of 
bulk quantities of numerous clusters of elements from groups 13 and 14 via the 
disproportionation of metal subhalides (Scheme 2.4).45-47 They were able to passivate these 
highly reactive clusters using ligands such as silylamines, and crystallize the clusters for x-ray 
analysis; however, no applications for these clusters were investigated and the clusters were still 
very sensitive to oxygen and water. 
 
 
Scheme 2.4. Disproportionation of AlCl to form clusters (Alm) of aluminum atoms with m<100. 
 
Atomic clusters such has those created by Schnöckel and others show many interesting 
properties due to their small size. In particular, the electronic properties of these clusters are 
more molecule-like, and some have structures not observed in bulk crystal structures (Figure 
2.19). The electronic properties of these clusters have been described using the Jellium model48 
and others49,50 which explains the stability of clusters, such as Al13- and Al23-, due to filled energy 
levels similar to orbitals in atoms. Clusters such as these, with completely filled energy levels, 
show increased resistance to oxidation compared to other aluminum clusters (Figure 2.20). 
Further investigation into the reactivity of these clusters by Schnöckel et al. showed the 
importance of spin state.51 Their investigations showed that odd numbered aluminum clusters 
3 AlCl Alm + AlCl3
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showed slower reactivity toward oxidation due to a spin conversion being required when forming 
the oxidation products (Figure 2.21). 
 
 
Figure 2.19. Geometrical arrangement of the Al atoms of the cluster (a) [Al7R6]-, (b) [Al12R6]-, 
(c) [Al14R6I6]2-, (d) [Al69R18]3-, [Al77R20]2-. R = N(SiMe3)2.46 
 
 
 
Figure 2.20. Mass spectra of aluminum clusters produced in inert gas and small flow of oxygen, 
(a) and (b) respectively.52 
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Figure 2.21. Calculated energy diagram for the interaction of singlet and triplet spin state 
oxygen on the Al13- cluster surface.51 
 
Investigation into cluster compounds thus far has been academic, with no real uses for the 
clusters reported to date. The size and average oxidation state (approx. 0 to +1) for atoms in the 
clusters described in Schnöckel’s and others’ work would make them ideally suited for use in 
explosives formulations. The sub-nanometer size of the clusters would further reduce the 
problems due to diffusion currently observed for micron- and nanometer-sized metal particles, 
and the very small size and intermediate oxidation state of the metal in the clusters could lead to 
faster and more complete oxidation during detonation. Additional energy release could also be 
realized due to the constrained bonds required to form clusters. 
Clusters of aluminum, such as Al13-, are ideal candidates for investigation as additives for 
explosives formulations. Their increased stability due to filled cluster energy levels and 
resistance to oxidation due to spin conversion could lead to materials that are stable under 
atmospheric conditions if further modified with proper passivating ligands. These clusters have 
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been called ‘superhalogens’ due to their electronegativity being higher than some of the group 
VIIb elements43, and this property could be exploited to construct salt-like cluster-containing 
crystals with ‘superalkali’ clusters as counter ions.53   
Additional studies examining aluminum-rich hydride clusters have shown that aluminum 
analogues of borane clusters can be created and, similar to Al13-, specific clusters show increased 
stability, such as Al4H6.54 These Al4H6 clusters have a very high heat of combustion (438 
kcal/mol) and, given the thermodynamic driving force, it would be unlikely for the combustion 
products to stop at an intermediate species as boranes are known to do. Beyond explosives 
applications, these clusters might also find application as propellants or for hydrogen storage. 
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CHAPTER 3 
CHEMICAL AEROSOL FLOW SYNTHESIS (CAFS) 
OF HOLLOW METALLIC ALUMINUM PARTICLES 
 
 
3. 1 Introduction 
  The synthesis and use of finely divided aluminum powder has long been and continues to 
be of importance for energetic materials1,2 because of the high heat of reaction3 to form 
aluminum oxide: 31 kJ g-1. There has been an upsurge of interest in submicron morphologies of 
Al for use in high energy nanocomposites (i.e. nanothermite4-6 and other highly energetic 
mixtures7-13) for explosives or propellants and for use in hydrogen storage.14Aerosol syntheses 
have been demonstrated to be versatile and inexpensive tools used to create various types of 
nanomaterials including nitrides, oxides, chalcogenides, and carbon materials with many 
different morphologies and uses.15,16 Aerosol syntheses of submicron metallic particles, however, 
are not common, and the synthesis of small aluminum particles have generally been in solution17 
or using expensive and energy intensive aerosol techniques (e.g., laser ablation, electrical 
exploding wires, etc.).18-20 
 
3.2 Experimental 
 Many of the precursors and products in this chapter are air sensitive or even pyrophoric. 
The reactions carried out in these experiments were performed using Schlenk line techniques for 
preparing, transferring, and collecting the products. Anyone attempting to repeat the work in this 
chapter should be well-versed in the proper use of Schlenk line glassware techniques as well as 
safe and prudent practices when using air sensitive or pyrophoric chemicals.21-24 
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 All solvents used in the preparation, collection, or washing of the material were free of 
air and water. This was accomplished using a solvent dispensing station which passed the 
solvents over columns of dried/activated alumina and a deoxygenating catalyst (BASF Puristar 
R3-15).25 
 
3.2.1 Trimethylamine Aluminum Hydride (TMAH) 
 Trimethylamine aluminum hydride (TMAH) was synthesized using previously reported 
methods with some modifications.26 Typically, 25 g of lithium aluminum hydride (LAH) was 
added to a 2 L, 3-neck round bottom flask equipped with a magnetic stir bar, gas inlet, refluxing 
condenser, and a powder addition funnel. Then, approximately 500 mL of benzene was added. 
The resulting slurry was stirred while a powder addition funnel was charged with 60 g of dried 
trimethylammonium chloride. The trimethylammonium chloride was slowly added over the 
course of 4 h, and the slurry was allowed to stir overnight. The slurry was filtered via cannula to 
a preweighed round bottom Schlenk flask, and the benzene was removed by vacuum resulting in 
a solid white powder. The mass of the trimethylamine aluminum hydride was calculated by 
difference, and the dry powder redissolved in toluene to give a concentration of 2 M. The yield 
was 85% (50 g) of trimethylamine aluminum hydride confirmed by NMR (Figure 3.1). The 
obtained solution of trimethylamine aluminum hydride is sensitive to both heat and light, and 
exposure of the solution to these condition results in the slow formation of metallic aluminum 
sponge. The solution could be stored in a freezer for approximately one month before any signs 
of decomposition were observed. 
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Figure 3.1. Proton NMR spectrum of trimethylamine aluminum hydride complex in d6-benzene. 
Peaks at approximately 2 and 4 correspond to methyl and hydride protons, respectively. 
 
 
3.2.2 Chemical Aerosol Flow Synthesis (CAFS) Reaction Vessel Assembly 
 The aerosol synthesis of hollow metallic aluminum particles was accomplished using a 
modified chemical aerosol flow synthesis setup illustrated in Figure 3.2.27,28 A piezoelectric 
transducer operating at 1.65 MHz was used to nebulize the TMAH solutions into a mist of 
micrometer-sized droplets. Ultrasound was coupled to the precursor solution by immersing the 
base of the nebulization cell in water over the piezoelectric transducer. The bottom of the cell 
had an o-ring flange, which was sealed using a clamp and a Viton o-ring with a 0.002 in. thick 
Teflon membrane, which prevented contact between the precursor and water bath, while 
permitting ultrasound to be transmitted into the nebulization solution (Figure 3.3). 
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Figure 3.2. Schematic diagram illustrating the aerosol synthesis setup used to created metallic 
aluminum particles by CAFS.  
Heating Tape
1.65 MHz 
TiCl4 Vapor
Gas Inlet
Precursor Inlet
Bubblers
Back Flow Stop
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Figure 3.3. Nebulization chamber components for chemical aerosol flow synthesis (CAFS) of 
hollow, metallic aluminum particles. 1 = Vessel glass center piece, custom pyrex glassware with 
flat flange with O-ring groove at the bottom, ID = 2", 2 = Teflon flange cushion, top half, 3 = 
metal holder piece, top half, 4 = Teflon thin membrane, 5 = Teflon flange cushion, bottom piece, 
6 = metal holder piece, bottom piece, 7 = Teflon O-ring adapter, matches flat flange with O-ring 
groove, ID = 2", 8 = O-ring, places inside the adapter (7), 9 = bolts, 10 = nuts.29 
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Care must be taken to remove the air pocket from beneath the atomization cell for 
optimal nebulization (Figure 3.4). The mist was carried by flowing argon controlled by a variable 
area flow meter into a heated zone where it combined with TiCl4 vapor from an unstirred pool. 
Back flow of TiCl4 was prevented by use of an orifice between the nebulization and TiCl4 vapor 
inlet (Figure 3.5). The TiCl4 vapor was introduced into the alane mist using a special glass tube 
with a side induction port (Figure 3.6). Heating was carried out with electrical heating tape 
wrapped tightly around the glass tubing and connected to a variac transformer to control the 
temperature. The temperature of the heated zone was measured by a K-type thermocouple 
sandwiched between the glass surface and the heating tape. The products were collected by 
passing the aerosol gas stream through specially designed bubblers filled with toluene from a 
solvent purification system (Figure 3.7).  
 
 
 
Figure 3.4. Ideal and non-ideal ultrasonic fountain setup, (a) and (b) respectively.29 
 
a b
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Figure 3.5. Image of orifice glassware piece used to prevent backflow of TiCl4 vapor. (a) Side 
view. (b) Top view. 
 
 
Figure 3.6. Image of reaction tube used for preparing hollow aluminum particles with a close up 
of the TiCl4 vapor induction port.  
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3.2.3 Reaction Conditions 
The chemical aerosol flow system was purged with flowing argon for at least 1 h before 
any precursor solution was added or TiCl4 was blown into the system. After purging, the 
atomization cell was charged with 10 mL of TMAH solution, along with additional toluene if 
needed, to give the desired precursor solution concentration. The TiCl4 vapor feed was started at 
the same time as the nebulization with flow rates of 1.0 and 0.2 slpm Ar flow, respectively. Upon 
contact with the TiCl4 vapor, the aerosol turned from white to orange to deep violet. The 
bubblers slowly turned dark grey with accumulation of product. The metallic aluminum particles 
were isolated by centrifugation, and washed three times with clean toluene by sonication. Lastly, 
the product was dried under vacuum. 
 
3.2.4 Characterizations 
 Materials characterizations were performed at the Fredrick Seitz Center for Microanalysis 
of Materials. Scanning electron micrographs were collected using a JEOL 7000F SEM operating 
at 10 keV. Samples were not sputter-coated with Au/Pd alloy before SEM analysis. Transmission 
electron micrographs were collected using either a JEOL 2010F or 2100 TEM with an 
accelerating voltage of 200 keV. Energy dispersive x-ray analysis was performed during electron 
microscopy with an Oxford Instruments EDX analyzer. Powder diffraction patterns were 
collected using Cu Kα radiation (λ = 1.5418 Å) with a Seimens -Bruker D5000 instrument 
operating at 40 kV and 30 mA and scanning 2Θ = 20° to 80° at a rate of 1.0 °/min. X-ray 
diffraction pattern analysis was performed using Jade analysis software. X-ray photoelectron 
spectroscopy was performed with a PEI 5400 XPS instrument operating at 15 kV and 300 W 
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using Mg Kα radiation; all spectra were referenced to C 1s at 285 eV. XPS survey spectra were 
collected as the average of 3 scans, while high resolution scans were the average of 100 scans. 
XPS data was analyzed using XPSPEAK software. Thermal analysis of the metallic aluminum 
particles was carried out using a TA Instruments Q600-SDT Simultaneous DSC-TGA with an 
inert carrier gas flow of 100 mL/min N2 or an oxidizing carrier gas flow combination of 100 
mL/min N2 and 30 mL/min O2. The temperature program consisted of a ramp of 20 °C/min from 
room temperature to 1000 °C followed by an isothermal leg at 1000 °C for 10 min. Nitrogen 
adsorption and desorption isotherms were measured at 77 K using Micrometerics ASAP 2010 
instrument. Specific surface areas were calculated from nitrogen adsorption data in the relative 
pressure range of 0.05 to 0.2 using the BET equation. 
 
3.3 Results and Discussion 
 SEM and TEM images of the isolated product are shown in Figure 3.8. The observed 
product consisted of hollow submicron sized particles approximately 300 to 500 nm in diameter, 
and had a wall thickness of approximately 25 nm. Hollow particles were observed with pores 
leading to the interior of the particles for samples created under temperatures of 100 to 150 °C. 
Samples created under these conditions often showed many broken particles due to sonication 
during workup. As the synthesis temperature increased from 150 °C to 200 °C the porosity of the 
particles decreased, and nonporous hollow particles formed. The collection efficiency of the 
system was ~ 30% based on aluminum with typical yields of 200 to 500 mg of Al particles from 
25 ml of precursor solution; the use of an electrostatic precipitator would significantly improve 
the collection efficiency. 
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Figure 3.8. TEM and SEM images of hollow metallic aluminum particles prepared by chemical 
aerosol flow synthesis from 1 M trimethylaminealuminum hydride at various temperatures. (a,b) 
100 °C, (c,d) 150 °C, (e,f) 200 °C. 
 
 
The effect of precursor solution concentration was investigated by nebulizing TMAH 
solutions varying between 0.5 and 2 M. Similar to the effects of increasing the synthesis 
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temperature, TEM images showed that the particles become less porous with increasing 
precursor concentration (Figure 3.9) and that small amounts of Ti get trapped in the interior of 
nonporous particles created as observed by STEM EDX line scan analysis (Figure 3.10). 
 The crystallinity of the products was examined using x-ray powder diffraction analysis, 
and the Debye-Sherrer formula was used to calculate the domain size of the crystallites. All 
reaction products showed diffraction peaks matching fcc metallic aluminum. No additional peaks 
corresponding to aluminum oxide phases were seen in the XRD pattern, consistent with a thin 
amorphous surface oxide layer (Figure 3.10). Analysis of crystallite size as a function of 
synthesis temperature and precursor concentration showed that smaller crystalline domains were 
formed at higher temperature. Increasing the concentration of the TMAH precursor solution 
under isothermal conditions increased the crystallite domain sizes. (Figure 3.11).  
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Figure 3.9. TEM images showing the change in morphology from porous hollow particles to 
non-porous hollow particles that have trapped residual TiCl4 in their interior. (a) 0.5 M TMAH, 
150 °C, (b) 1.0 M TMAH, 150 °C, (c) 1.5 M TMAH, 150 °C, (d) 2.0 M TMAH, 200 °C. 
 
 
 
Figure 3.10. (a) HAADF-STEM image and (b) EDX line scan analysis of a particle prepared 
from 1.5 M TMAH at 150 °C. The red line in (a) indicates the line scan analysis path.  
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Figure 3.11. Powder x-ray diffraction patterns for products from 1 M TMAH created at 100 to 
200 °C. Diffraction lines were matched to metallic aluminum (ICDD PDF card 00-004-0787).  
 
 
 
 
Figure 3.12. Plots of calculated crystallite size using the Debye-Sherrer equation on the [100] 
peak of the powder x-ray diffraction patterns for various samples. (a) 1 M TMAH solution at 
100, 150, and 200 °C, (b) 0.5 to 2 M solutions at 100 °C. 
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Further TEM and XPS analysis revealed that the surface of the particles was passivated with a ~5 
nm thick layer of oxidized aluminum (Figure 3.12 and 3.13). Surface analysis with XPS showed 
aluminum peaks characteristic of both oxidized and metallic aluminum. A peak at 199 eV was 
attributed to residual surface chlorine originating from the TiCl4 catalyst. While peaks at the 
binding energy for titanium were barely discernable for porous shells, hollow Al spheres without 
porosity (i.e., Figure 1e,f) showed Ti 2p peaks that match with previously reported binding 
energies for TiCl4 (Figure 3.14). 
Surface area and N2 adsorption analysis was performed on several samples. The surface 
area calculated for samples was relatively low, typically >20 m2/g. Full isotherms were measured 
on samples both with porous and with nonporous morphologies as determined by TEM; all 
samples showed Type II (i.e., non- or macroporous) adsorption isotherms, as expected (Figure 
3.15).30 
 
 
Figure 3.13. TEM image showing surface layer of oxidized alumium and pores leading to the 
interior of the particle from a sample synthesized from 1 M TMAH at 100 °C. 
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Figure 3.14. XPS spectra of hollow aluminum particles prepared from 1.0 M TMAH at 100 °C. 
(a) survey spectrum, (b-e) high resolution spectra of elements Al, C, Cl, and Ti, respectively. 
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Figure 3.15. High resolution XPS spectrum of Ti 2p region for material synthesized from 1.5 M 
TMAH at 150 °C. Binding energies are consistent with TiCl4, and suggest some trapping of 
TiCl4 within the product. 
 
 
 
 
Figure 3.16. N2 adsorption isotherm at 77 K for hollow metallic aluminum particles synthesized 
at 100 °C using 1.0 M TMAH solution. Adsorption follows Type II behavior consistent with the 
macroporous nature of the material as observed in TEM images. 
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Thermal analyses of the hollow Al particles were performed in both nitrogen and oxygen 
atmospheres (Figure 3.17). Samples heated to ~550 °C under N2 showed a loss of ~30 wt% 
without any significant exothermic reactions. In comparison, the same sample run under O2 
(23% O2 in N2) showed a broad exothermic reaction suggesting the desorption and combustion 
of solvent trapped in the interior of particles with nonporous surfaces; similar behavior is 
observed for oleic acid coated solid Al nanoparticles.31 At temperatures above 550 °C, the 
sample under N2 shows only a very weak exothermic peak and small mass increase, whereas 
heating under O2 showed two strongly exothermic reaction peaks and corresponding mass 
increases due to rapid formation of Al2O3. The two step oxidation behavior has been reported 
previously and is attributed to initial formation of an amorphous oxide layer with crystallization 
into γ-Al2O3 followed by subsequent formation of γ-Al2O3 platelets and exposure of additional 
aluminum metal.32 
In the absence of heating, the hollow aluminum spheres are stable: under ambient 
conditions (~25 °C, ~30% RH), no measurable changes in oxide thickness occur even after three 
months (Figure 3.18). In addition, the active aluminum content was measured using a previously 
reported redox titration method.33 After storage at room temperature under air for five months, 
two samples were analyzed, and found to contain 72 and 85 wt% active aluminum for materials 
prepared at 100 and 200 °C, respectively. 
Based on the morphology and the CAFS synthesis method, we proposed a simple model 
for the formation of these hollow aluminum particles (Figure 3.19). The formation of aluminum 
begins as TiCl4 vapor diffuses into the surface of TMAH droplets, which initiates formation of 
aluminum nanoparticles on the surface of the droplets (Scheme 3.1). We hypothesize that the 
evolution of gas (i.e., H2 and N(CH3)3) during the decomposition of the TMAH precursor forms 
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very small bubbles that carry adhered solid particles to the surface of the droplet. This is 
consistent with the eventual formation of the solid shell around a hollow interior that is observed. 
Additionally, at low temperatures or high precursor concentrations, the hollow particles consist 
of agglomerates of larger aluminum nanoparticles with macropores to the interior. At higher 
temperatures or lower precursor concentrations, the Al shell is smoother and appears to be non-
porous. The non-porous shells trap some of the residual solvent and TiCl4 within the particles 
(Figure 3.17). 
 
 
Figure 3.17. Differential scanning calorimetry (DSC) and thermogravimetric analysis (TGA) of 
aluminum spheres from 1.5 M trimethylamine aluminum hydride at 150 °C. (a-b) under N2 
atmosphere; (c-d) under 23% O2 in N2; linear heating rates at 20 K/min. 
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Figure 3.18. TEM image of Al particles after storage at ambient conditions for approximately 5 
months.  Note that the thin oxide coating has not grown in thickness. 
 
 
 
Figure 3.19. Conceptual diagram illustrating the formation of hollow metallic aluminum 
particles by CAFS reaction of TMAH aerosol droplets and TiCl4. At low temperature or high 
precursor concentration, the Al shell is macroporous, whereas at higher temperatures or lower 
precursor concentrations, the Al shell is nonporous and well-sealed. 
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Scheme 3.1. Catalyzed decomposition of trimethylamine aluminum hydride complex. 
 
 
Attempts were made to prepare the aluminum particles with alternative passivating 
species, such as long chain carboxylic acids. This was done by removing the solvent from the 
bubblers under reduced pressure. Fresh toluene and toluene solutions containing capping agents 
(e.g. lauric acid, perflurorododecanoic acid, stearic acid, dodecanoic acid) were added to the 
solid material and stirred for several hours. The products from these reactions, however, all 
showed only oxide coatings. Two factors are suspected for this observation. First, the 
experimental setup used could not be completely and permanently purged of oxygen during the 
preparation of the particles. Second, the high reactivity of metallic aluminum to oxygen led to 
the formation of the observed surface oxide layer. 
 
3.4 Conclusions 
 In conclusion, we have discovered a novel synthesis of hollow, metallic aluminum 
particles using a modified chemical aerosol flow synthesis technique. The porosity of the shells 
could be controlled by adjusting the TMAH precursor solution concentration or the synthesis 
temperature. Attempts to create particles passivated with capping agents such as long alkyl chain 
carboxylic acids were unsuccessful, and only particles with a ~5 nm thick layer of aluminum 
oxide were formed. The CAFS technique has advantages when compared to previously reported 
methods for synthesizing nanoparticles of metallic aluminum. CAFS is simple, energy efficient, 
and highly scalable in comparison to previously reported syntheses, i.e. exploding wire and 
evaporation methods, which are energy intensive, require complex vacuum apparatuses, and are 
(CH3)3N:AlH3 Al + N(CH3)3 + 3/2 H2
TiCl4
89 
 
difficult to scale-up. Further work is underway to use this technique to create composite 
materials that contain oxidizers such as Teflon particles or metal oxides. 
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CHAPTER 4 
 
AEROSOL SYNTHESIS OF ALUMINUM CARBIDE 
WITH APPLICATIONS AS AN ENERGETIC MATERIAL 
 
4.1 Introduction 
 The preparation and utility of finely divided metallic aluminum particles as an energetic 
material1,2 will likely continue to be important due to its availability and high heat of reaction to 
form aluminum oxide. Currently, aluminum nanoparticles are being explored as additives to 
explosives formulations, but these materials typically have an oxide coating which passivates the 
particle surface (Figure 4.1). This oxide layer is detrimental to aluminum nanoparticle 
performance in explosive formulations3, and is the source of energy loss of the energetic content 
of the particles. Despite these drawbacks metallic aluminum particles have been shown to 
increase the detonation performance of many explosives formulations4-6; however it can only add 
energy to the detonation through additional heat generated by oxidation of the metal. 
Furthermore, metallic aluminum adds no permanent expansion gases during detonation, which 
would be beneficial to the brisance of high explosives. 
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Figure 4.1. TEM micrographs of aluminum nanoparticles passivated with a thin aluminum oxide 
layer.7 
 
 Metal carbides are hard ceramics, and have found use in various applications requiring 
hard and durable materials.8 There are two typical types of carbides, including salt-like and 
interstitial. Interstitial metal carbides (e.g. TiC, HfC, ZrC, and W2C) are ultra hard materials used 
in high wear applications, such as cutting tool surfaces. Of the many carbide materials, salt-like 
carbides contain a highly electropositive element combined with carbon anions (e.g. C4-, C22-, or 
C34-)9,and might be useful as energetic materials due to the highly reduced nature of the carbon 
species which would add to the energetic properties of explosives by the release of energy during 
oxidation (by O2 in air or from oxidizing agents such as KClO4, NH4NO3, etc) and by the 
generation of gases by forming COx species. 
 Aluminum carbide, Al4C3, is a salt-like carbide with Al and C having formal charges of 
3+ and 4-, respectively, and is unusual because it is the only element of group 13 to form a salt-
like carbide. The 4- formal charge on the carbon makes this material a methanide, and it has been 
Surface  Oxide
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shown to slowly evolve methane when reacted with water. One can see from Table 4.1 that 
aluminum carbide is a more energetic material than metallic aluminum and generates more gas 
when combusted, however, the energy density (Eρ) of aluminum carbide is significantly lower.  
 
Table 4.1. A comparison of several thermodynamic properties of Al and Al4C3 important for 
energetic materials. Calculated from data from Ref. 10. 
 
  ΔH°f  
(kJ mol-1 Al-1 ) 
ΔH°comb 
(kJ mol-1 Al-1) 
Eρ 
(kJ/g) 
Eρ 
(kJ/cc) 
ngas 
(mol) 
 
Almetal 0 837.5 62.04 29.98 0  
Al4C3 -215.69 1078.3 30.16 11.47 3  
 
 Historically, the synthesis of aluminum carbide has been via direct carbonization or 
carbothermal reduction: direct carbonization involves the reaction of aluminum and carbon at ~ 
1500 °C for 12 h, and the carbothermal reduction uses Al2O3 and carbon at ~1900 °C for 6 h.11,12 
These typically result in large sintered particles with many impurities. The carbothermal 
reduction often results in material containing subcarbide phases Al2OC and Al4O4C.11 More 
recently,  an interesting synthesis for Al4C3 nanoribbons was reported by a lithium-assisted direct 
carbonization reaction in a pressurized bomb at 780 °C, significantly lower than the solid-state 
reactions reported previously (Figure 4.2).13 Unfortunately, the nanowire synthesized showed 
poor stability in air and quickly grew a layer of aluminum oxide which passivated the materials. 
At this point in time, however, there are few reports on the direct synthesis of aluminum carbide 
via the decomposition of alkyl aluminum precursors. 
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Figure 4.2. SEM micrographs of Al4C3 nanoribbons prepared by a lithium assisted direct 
carbonization reaction.13 
 
4.2 Experimental 
 The alkyl-aluminum precursors used in these syntheses are instantaneously flammable in 
air. The reactions carried out in these experiences were performed with extreme caution and with 
proper safety equipment in place. Great care was taken to ensure the spray and vapor pyrolysis 
systems used in the experiments to follow were completely purged of oxygen before any 
precursors were added. Schlenk line techniques and safe and prudent practices were used to 
transfer the aluminum precursors to the pyrolysis systems.14-17 
The precursors 97% trimethyl, 93% triethyl, and triisobutyl aluminum were all purchased from 
Sigma-Aldrich and used without further purification. Micron-sized and nanopowder metal oxides 
(Bi2O3, MoO3, CuO, and Fe2O3), NH4NO3, and LiClO4 were all purchased from Sigma-Aldrich 
and used as received. All solvents used in the preparation, collection, or washing of the products 
were free of air and water. This was accomplished using a solvent dispensing station which 
a b c
d
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passed the solvents over columns of dried/activated alumina and a deoxygenating catalyst (BASF 
Puristar R3-15).18 
 
4.2.1 Ultrasonic Spray Pyrolysis Setup 
The experimental setup for the ultrasonic spray pyrolysis (USP) used for preparing 
aluminum carbide was similar to that used previously in the Suslick group and is shown in 
Figure 4.3.19-21 The experimental setup was purged by flowing argon through the system at 1 
slpm for at least 1 hr before adding any alkyl aluminum precursors to the atomization vessel. A 
piezoelectric transducer operating at 1.65 MHz was used to nebulize the pure, liquid phase, 
trialkyl aluminum precursors in to micron-sized droplets. Ultrasound was coupled to the liquids 
through a thin Teflon membrane covering the base of the atomization cell, and then by 
immersing the base of the atomization cell in water above the piezoelectric transducer. The small 
air pocket was removed as shown in Chapter 3 of this thesis. The precursor droplets were carried 
by argon flowing at 1 slpm into a quartz furnace tube preheated to 800 to 1100 °C using an 
Omega tube furnace (CRFC-156/60-A). The temperature of the tube furnace was controlled by 
using a variable transformer power supply, while the temperature was monitored using a K-type 
thermocouple connected to a hand-held readout. The collection bubblers were filled with toluene 
from the solvent purification system mentioned previously. 
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Figure 4.3. (a) Schematic diagram of the ultrasonic spray pyrolysis (USP) setup. (b) A 
photograph of the USP setup prior to adding precursor to the atomization cell. 
 
4.2.2 Vapor Phase Pyrolysis Setup 
The vapor phase pyrolysis (VPP) setup used for preparing aluminum carbide is illustrated 
in Figure 4.4. The setup was similar to that used during the USP, except that the furnace 
assembly was turned vertically, and the atomization cell was replace with a 100 mL, 3-neck, 
round bottom flask equipped with a Teflon coated magnetic stir bar. The center neck of the 
round bottom was connected to the tube furnace, while the other necks were equipped with a 
hose barb to 24/40 adaptor and a septum. This configuration allowed for argon to flow into the 
reaction system, and add precursor liquids without allowing oxygen in the system. A temperature 
controlled heating plate with a silicon oil bath was used for controlling the temperature of the 
Furnace
800 to 1100 oC
BubblersCarrier
Gas
1.65 MHz
a
b
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pool of trialkyl aluminum precursor added to the three neck round bottom flask. The pool of 
precursor was constantly stirred until all the precursor had evaporated. The precursor vapors 
were carried by Ar gas flowing at 1 slpm into a quartz furnace tube preheated to 800 to 1100 °C 
using an Omega tube furnace (CRFC-156/60-A). The temperature of the tube furnace was 
controlled by using a variable transformer power supply, while the temperature was monitored 
using a K-type thermocouple connected to a hand-held readout. The collection bubblers were 
filled with toluene, the same as used for the USP experiments. 
 
 
 
Figure 4.4. Schematic diagram illustrating the VPP reaction setup.  
 
4.2.3 Characterizations 
Materials characterizations were performed at the Fredrick Seitz Center for Microanalysis 
of Materials. Scanning electron micrographs were collected using a JEOL 7000F SEM operating 
at 10 keV. Samples were sputter-coated with Au/Pd alloy before SEM analysis. Transmission 
electron micrographs were collected using either a JEOL 2010F or 2100 TEM with an 
BubblersFurnace800 to 1100 oC
Carrier
Gas
Heated Bath
RT – 150 oC
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accelerating voltage of 200 keV. Energy dispersive x-ray analysis was performed during electron 
microscopy with an Oxford Instruments EDX analyzer. Powder diffraction patterns were 
collected using Cu Kα radiation (λ = 1.5418 Å) with a Seimens -Bruker D5000 instrument 
operating at 40 kV and 30 mA and scanning 2Θ = 20° to 80° at a rate of 1.0 °/min. X-ray 
diffraction pattern analysis was performed using Jade analysis software. X-ray photoelectron 
spectroscopy was performed with a PEI 5400 XPS instrument operating at 15 kV and 300 W 
using Mg Kα radiation; all spectra were referenced to C 1s at 285 eV. XPS survey spectra were 
collected as the average of 3 scans, while high resolution scans were the average of 100 scans. 
XPS data was analyzed using XPSPEAK software. Thermal analysis of the aluminum carbide 
particles was carried out using a TA Instruments Q600-SDT Simultaneous DSC-TGA with an 
inert carrier gas flow of 100 mL/min N2. The temperature program consisted of a ramp of 50 
°C/min from room temperature to 1000 °C followed by an isothermal leg at 1000 °C for 10 min. 
Auger depth profile analysis was performed using a Physical Electronic PHI 660 Auger 
instrument. The excitation source was a LaB6 filament electron gun operating at 10 keV and 
beam current of 1.2 nA. Auger spectra were the average of 5 scans. Depth profiling was 
accomplished with the use of an Ar-ion sputterer operating at 3 keV. 
Raman spectroscopy measurements were performed using a frequency doubled Nd:YAG 
laser producing 532 nm radiation aligned to strike the sample at an angle 45° from the surface 
normal and collection optics. Scattered radiation was collected through a high-pass filter and 
directed with a 50-mm camera lens (F/1) to a SpectraPro triple grating spectrometer. The 
spectrometer was equipped with a 1200 grooves/mm grating and a Peltier cooled, CCD detector 
(Andor).  The resolution of the instrument is estimated to be 5 cm-1. 
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Laser initiated fast spectroscopy was performed by Rusty W. Conner in the Dlott research group 
at the University of Illinois. Aluminum or aluminum carbide mixed with metal oxide particles 
were prepared by creating a particle slurry in ethanol or acetone by sonication. These slurries 
were then spun cast on CaF2 substrates to create thin films. The film coated glass substrates were 
mounted on a motorized xy positioned, where they were repetitively initiated by flash-heating 
using a 1.053 μm pulsed laser. Temporal emission of light from the substrates was analyzed 
using a spectrophotometer equipped with a streak camera. A diagram of the setup is illustrated in 
Figure 4.5. Greater detail of the experimental setup can be found in reference 22. 
 
 
 
Figure 4.5. Schematic of (a) laser apparatus and (b) sample cell used for performing laser 
initiated fast spectroscopy experiments. Key: QS/ML/CD = Q-switched, mode locked, and cavity 
dumped; SPS = single-pulse selector; PD = photodiode.22 
 
4.3 Results and Discussion 
 SEM micrographs of the USP and VPP product from trimethyl aluminum are shown in 
Figure 4.6. The USP product consisted of particles approximately 100 nm up to 2 μm, while the 
VPP product had significantly smaller particles, ~50 to 300 nm. It is believed the larger particle 
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sizes observed for the USP product (~ 1 to 2 μm) compared to the VPP is caused by the presence 
of aerosol droplets in the USP process. The droplets in the USP process decompose before 
completely evaporating, yielding much larger particles. While the USP product contains large 
micron particles, both USP and VPP products contained ~50 to 300 nm sized particles as well. 
These smaller particles are believed to be the product of decomposition from the precursor 
vapor, which produces significantly smaller particles as shown in Figure 4.6b. 
 
 
 
Figure 4.6. SEM micrographs of Al4C3 prepared from (CH3)3Al at 900 °C by (a) ultrasonic spray 
and (b) vapor phase pyrolysis with inset showing particles at higher magnitication. 
 
 The crystallinity of the products was analyzed using powder x-ray diffraction. All the 
products showed diffraction peaks for Al4C3 (ICDD PDF 00-035-0799) as shown in Figure 4.7 
for trimethyl aluminum pyrolyzed at 900 °C. No additional crystalline phases were observed in 
the diffraction pattern. Interestingly, the USP product showed significant preferencial growth 
along the (107) plane compared to the VPP product. 
 
a b
200 nm
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Figure 4.7. X-ray powder diffraction patterns for ultrasonic spray and vapor phase pyrolysis of 
trimethyl aluminum at 900 °C. 
 
 Previous reports on the pyrolysis of trialkyl aluminum showed the formation of metallic 
aluminum in addition to Al4C3 for triethyl and triisobutyl aluminum precursors.23 This was not 
observed for these experiments and Al4C3 was the only crystalline phase present in the materials 
(Figure 4.8); however, product could only be collected for trimethyl and triethyl aluminum 
precursors. Triisobutyl aluminum was too viscous to properly nebulize using the USP 
experimental setup, and during the VPP experiments the furnace tube became plugged with 
metallic aluminum preventing any product from being collected from these reactions. 
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Figure 4.8. Powder x-ray diffraction patterns from the vapor phase pyrolysis of triethyl 
aluminum at 900 and 1100 °C. 
 
Despite not being able to collect product using the triisobutyl aluminum precursor, it is 
hypothesized the differences in experimental setup could be responsible for the absence of 
metallic aluminum in the experiments performed here. Itatani et al. experimental setup used VPP 
under reduced pressure. In contrast, the systems used in these experiments were both at 
atmospheric pressure. The differences in concentration of the precursor vapor and possible 
decomposition mechanism between these systems could be responsible for the observed 
differences. 
Particle size analysis of the products from the USP and VPP of trimethyl aluminum was 
performed by measuring particles from several of the SEM micrographs taken for each sample 
(Figure 4.9). Neither the USP nor the VPP particle sizes changed dramatically with the 
temperature of the furnace increasing from 800 to 1100 °C. The USP particle size distribution 
was centered at approximately 80 nm, but had a significant tail to larger particles and made up 
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the majority of the product mass. The particle size distribution for the VPP product was narrower 
and did not have significant tailing towards larger particles seen for the USP product. 
Additionally, it was found that the particle sizes could be controlled, with larger particles 
produced when the precursor was heated during the VPP reactions. The particle sizes showed a 
linear increase in size with approximately 20 nm size particles produced with the trimethyl 
aluminum at room temperature and increased up 200 nm when the temperature was 80 °C or 
higher (Figure 4.10). The reason for this leveling off of the particle sizes is believe to be due to 
saturation of the argon carrier gas stream in the VPP setup with trimethyl aluminum vapor. 
Increasing the temperature of the trimethyl aluminum causes the partial pressure to increase 
resulting in larger particles. It would be expected that the particle size increase would be 
asymptotic as the temperature approached the boiling point of trimethyl aluminum (125 °C), and 
this is observed in the particle size analysis with the particle sizes not changing significantly 
when the trimethyl aluminum was heated further from 80 to 100 °C. 
 
 
Figure 4.9. Particle size analysis for ultrasonic spray pyrolysis and vapor phase pyrolysis 
products from trimethyl aluminum at 1000 °C. 
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Figure 4.10. Average particle sizes for the vapor phase pyrolysis of trimethyl aluminum at 1000 
°C by heating the precursor liquid. 
 
 The USP and VPP products were examined by TEM, and it was found that they differed 
significantly from previous reports for the pyrolysis of trialkyl aluminum.23 The USP products 
had a highly faceted morphology with particles made up of overlapping platelets (Figure 4.11). 
The VPP Al4C3 products showed similar faceting to the USP product but with smaller particles 
sizes as described earlier (Figure 4.12).  
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Figure 4.11. (a) TEM and (b) SEM micrographs showing the overlapping platelet morphology 
for Al4C3 prepared by ultrasonic spray pyrolysis of trimethyl aluminum at 700 °C. 
 
 
 
Figure 4.12. (a) TEM and (b) SEM micrographs showing the overlapping platelet morphology 
for Al4C3 prepared by vapor phase pyrolysis of trimethyl aluminum at 700 °C. 
 
Another significant change in the particle morphology observed for these experiments 
compared to those of Itatani et al. was a passivating layer. This passivating layer was observed to 
grow as the furnace temperature increased from 700 up to 1100 °C (Figure 4.13). For particles 
generated at 700 or 800 °C  there was no passivating layer observed, but starting for particles 
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prepared at 900 °C the layer was approximately 5 nm thick. The thickness of the layer increased 
to 10 and 15 nm with synthesis temperatures of 1000 and 1100 °C . STEM EDX line scan 
analysis showed this surface layer to consisted of only carbon with aluminum and carbon signals 
coming from the interior of the particle (Figure 4.14). 
 
 
 
Figure 4.13. TEM micrographs of the VPP product from trimethyl aluminum prepared at (a) 
900, (b) 1000, and (c) 1100 °C. Red arrows point to passivating layer. 
 
 
 
 
Figure 4.14. (a) STEM micrograph of the vapor phase pyrolysis product from trimethyl 
aluminum at 900 °C, and (b) EDX line scan analysis from the STEM micrograph. The analysis 
area is indicated by the red line in the STEM micrograph. 
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Depth profile Auger analysis was performed to investigate the observed surface carbon 
layer. Auger depth profile analysis of the VPP product obtained at 900 °C showed that the 
species on the surface was carbon, and that it passivated the particles well again oxidation in air 
(Figure 4.15). While sputtering way the surface layer of carbon, the content of aluminum is 
observed to increase up to approximately 30 at% and the content of carbon peaks near 80 then 
drops to 60 at%. Most importantly is the absences of oxygen at the surface or subsurface levels 
of the materials. This means that the carbon layer effectively passivates the particles against 
oxidation due to water vapor and oxygen in the ambient environment. The palladium signal 
observed at the very surface is from plasma sputtering the sample with Au/Pd alloy to improve 
the conductivity of the sample during analysis. This helped to prevent particles being analyzed 
from moving out of the analysis area due to the buildup of static charge. For Al4C3, the expected 
values would be 57 and 43 at% for Al and C, respectively, but because a single particle could not 
be analyzed by the Auger instrument used for this analysis, the values observed represent a 
surface average of several particles causing the values to be skewed towards higher amounts of 
carbon due to the inclusion of the edges of several particles. The approximate thickness of the 
surface layer was 15 nm as observed by TEM.  
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Figure 4.15. Depth profile Auger analysis of Al4C3 prepared by vapor phase pyrolysis of 
trimethyl aluminum at 900 °C. The Pd signal is from Au/Pd sputter coating used to improve the 
conductivity of the sample and prevent particles from leaving the analysis area due to static 
charge build up. 
 
Since no graphitic peaks were observed in the powder x-ray diffraction patterns for the 
USP and VPP products, diffuse reflectance Raman spectroscopy was performed to probe the 
chemical nature of the carbon layer passivating the surface of the Al4C3 particles (Figure 4.16) . 
Carbon materials have two characteristic Raman peaks at approximately 1350 and 1600 cm-1, 
these peaks correspond to the D- and G-peak, respectively.24. The G-peak or graphitic peak is 
characteristic of well-ordered, crystalline graphite, while the D-peak is the disordered peak 
characteristic of amorphous carbons. The ratio of these two peaks can be taken as a measure of 
the relative crystallinity of a carbon material that is amorphous by analysis by x-ray diffraction.24 
Raman analysis of the D:G ratio for carbon coated samples of Al4C3 prepared by USP and VPP 
showed that the carbon species on the surface was disordered, but that as the synthesis 
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temperatures increased from 800 to 1100 °C, the crystallinity of the surface carbon increased 
(Figure 4.16b). 
 
 
 
Figure 4.16. (a) Raman spectra of Al4C3 prepared by vapor phase pyrolysis of trimethyl 
aluminum at 800 °C, and (b) D/G peak ratios showing the that crystallinity of the carbon layer on 
the surface of the Al4C3 particles increases with higher synthesis temperatures. 
 
To test how well the carbon layer on the surface of the Al4C3 passivated the particles 
against oxidation, the USP and VPP products were left to age under ambient lab conditions (i.e. 
23 °C, 30% RH). It was found that the particles prepared at lower synthesis temperatures (700 
and 800 °C) had poor aging characteristics attributed to a lack of passivating carbon layer 
observed for particles prepared at higher temperatures.  The particles synthesized at these 
temperatures only lasted a few days before showing changes in morphology and oxygen content 
due to oxidation forming Al2O3 (Figure 4.17 and 4.18). When the particles oxidized their 
morphology underwent a significant change and the particles appeared have popped like a kernel 
of popcorn. Particles prepared at higher synthesis temperatures showed better aging behavior. 
For particles prepared by VPP at 900 °C, samples aged 1 week showed a combination pristine 
and oxidized, and after 1 month nearly all the particles appear to have been oxidized (Figure 
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4.19). Particles prepared at 1000 and 1100 showed the best aging characteristics and had no 
change in morphology even after aging for 1 month (Figure 4.20).  
 
 
Figure 4.17. (a) fresh and (b) 1 week old Al4C3 samples prepared by ultrasonic spray pyrolysis 
of trimethyl aluminum at 700 °C. Red circles indicate particles that have oxidized and ‘popped.’ 
 
 
 
Figure 4.18 Energy dispersive x-ray elemental analysis of Al4C3 prepared by ultrasonic spray 
pyrolysis at 800 °C and aged for 1, 5, and 30 days. 
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Figure 4.19. TEM micrographs of VPP Al4C3 prepared at 900 °C and aged fro (a) 1, (b) 5, and 
(c) 30 days. 
 
 
 
 
Figure 4.20. TEM micrographs of VPP Al4C3 prepared at (a) 1000 and (b) 1100 °C after aging 
for 30 days. 
 
 Traditionally, combinations of metal (e.g. aluminum) and metal oxides (Fe2O3, CuO, 
MoO3, Bi2O3, etc) are called thermites, and these composites involved particles with sizes of 10 
to 100 μm. More recently, thermite composites have been prepared using nanoparticles of metals 
and metal oxides.25 These nanoparticle thermites have drastically enhanced combustion 
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compared to thermites with larger particle sizes, and for this reason have been referred as super-
thermites or metastable intermolecular composites (MICs).26 
To explore the Al4C3 particles prepared in these experiments for applications in energetic 
materials applications, thermal analysis was performed with the Al4C3 combined with various 
metal oxides to form MICs. The VPP Al4C3 products were the main focus of these experiments 
since the particle sizes were significantly smaller compared to the USP products, and Al4C3 from 
Sigma-Aldrich (SA) was used as a comparison. The thermal analysis of VPP and SA Al4C3 is 
shown in Figure 4.21 and Table 4.2. It was found that the VPP Al4C3 material showed slight 
mass loss of 1.4% at approximately 100 °C that was attributed to evaporation and desorption of 
atmospheric water. At approximately 800 °C, a sudden mass loss and exothermic reaction was 
observed that was assigned to the reaction of Al4C3 and CuO in the MIC sample. In comparison, 
the SA Al4C3 and CuO MIC sample showed only a broad exothermic peak and gradual mass loss 
at 800 °C. An additional, sharper exothermic peak and mass loss was observed at 1000 °C. 
Theoretical mass losses and the enthalpy of reaction was calculated assuming the chemical 
reaction in Scheme 4.1. The VPP product showed a mass loss nearly two fold higher than would 
be expected theoretically. It was found that this sample has generated CO2 so quickly during the 
analysis that some of the sample has been ejected from the sample holder. The SA Al4C3 sample 
showed a total mass loss that matched more closely with the theoretical reaction. From the step-
wise reaction of the thermal analysis it is proposed that this material reacted by forming an 
intermediate oxycarbide phase11, which further reacted at higher temperatures to complete the 
overall reaction (Scheme 4.2). The enthalpy of reaction was calculated from the mass of the 
samples. The VPP Al4C3 sample had an enthalpy of reaction matching more closely to that of the 
theoretical value compared to the SA Al4C3 sample (Table 4.2). It is assumed that the SA Al4C3 
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sample was much more oxidized due to storage and not being passivated, this reduced the 
content of active Al4C3 in this sample, lowering the measured enthalpy of reaction. The thermal 
analysis of the VPP product with the sudden reaction in MICs containing Al4C3 suggests that the 
nanoparticles of Al4C3 could be used in energetic materials application where this property is 
beneficial. Additionally, the reaction of Al4C3 produces permanent gas (i.e. CO and CO2) not 
seen in traditional thermites or metal-based MICs. 
 
 
Figure 4.21. Thermogravimetry analysis and differential scanning calorimetry for (a) vapor 
phase pyrolysis at 900 °C and (b) Sigma-Aldrich Al4C3 and CuO nanopowder metastable 
intermolecular composites mixed in a stoichiometric ratio. The heating rate was (a) 50 °C min-1 
and (b) 20 °C min-1. 
 
Table 4.2. The thermal analysis mass changes and heat of reaction expected theoretically and 
observed for Al4C3/CuO metastable intermolecular composite materials when reacted. 
 
 Mass Loss (%) ΔHrxn(kJ/mol) 
 2 CO2 1 CO2 Total  
Theoretical -8.1 -4.0 -12.1 -1579.7 
Aldrich Al4C3  -7.2 -5.4 -12.6 -864.2 
VPP Al4C3    -24.8 -1147.0 
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Scheme 4.1. Chemical reaction for Al4C3 and CuO metastable intermolecular composite material 
assumed to occur during thermal analysis. 
 
 
 
Scheme 4.2. The step-wise reaction of Al4C3 from Sigma-Aldrich with nanopowder CuO. 
 
To further explore the possibility of using nanoparticles of Al4C3 produced using the VPP 
process, several MICs were assembled using micron-sized and nanopowder metal oxides, as well 
as other oxidizers found in traditional energetic material formulations (i.e. NH4NO3 and LiClO4). 
These qualitative experiments, summarized in Tables 4.3 to 4.4, showed that the VPP Al4C3 
showed had good potential in energetic materials applications. When the VPP Al4C3 was 
combined with micron-sized metal oxide powders and initiated by heating in a flame, the MICs 
deflagrated. The SA Al4C3 powder showed more traditional thermite reaction characteristics, 
except that gas could be seen bubbling through the forming molten metal. When the VPP Al4C3 
was combined with nanopowders of metal oxides, the MICs appeared to detonate with a sharp 
audible report when initiated by heating in a flame. Again, SA Al4C3 MICs were used for 
comparison. The SA Al4C3 composites did not show detonation behavior, but deflagrated quickly 
when initiated. Finally, VPP and SA Al4C3 were combined with traditional explosive oxidizers, 
NH4NO3 and LiClO4. Of these four combinations, only that containing VPP Al4C3 and LiClO4 
reacted with an audible report suggesting detonation. A photograph of the ignition of the MIC 
containing VPP Al4C3 and nanopowder Fe2O3 is shown in Figure 4.22. 
Al4C3 + 12 CuO 2 Al2O3 + 12 Cu + 3 CO2
Al4C3 + 8CuO Al4O4C + 8Cu + 2CO2
+ Al4O4C + 4CuO 2Al2O3 + 4Cu + 1CO2
Al4C3 + 12CuO 2Al2O3 + 12Cu + 3CO2
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Table 4.3. Combustion tests for combinations of vapor phase pyrolysis and commercial Al4C3 
with micron-sized metal oxide powders. Key: B = Burn, DF = Deflagration. 
   
 
Metal Oxide Powders (>1 μm) 
 CuO Fe2O3 Bi2O3 MoO3 
Aldrich Al4C3  B B B B 
VPP Al4C3  DF DF DF DF 
 
Table 4.4. Combustion tests for combinations of vapor phase pyrolysis and commercial Al4C3 
with nanoparticle metal oxide powders. Key: DF = Deflagration, EX = Explosive 
 
Metal Oxide Nanopowders 
 CuO 
(<50nm) 
Fe2O3 
(<50nm) 
Bi2O3 
(<200 nm) 
Aldrich Al4C3  DF DF DF 
VPP Al4C3  EX EX EX 
 
Table 4.5. Combustion tests for combinations of vapor phase pyrolysis and commercial Al4C3 
with traditional explosive oxidizers. Key: B = Burn, DF = Deflagration, EX = Explosive 
 
Other Oxidizers 
 LiClO4 NH4NO3 
Aldrich Al4C3  DF B 
VPP Al4C3  EX DF 
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Figure 4.22. A photograph of the ignition of the vapor phase pyrolysis Al4C3 and nano-Fe2O3 
metastable intermolecular composite. 
 
 To gain insight into the reaction dynamics of Al4C3 as an energetic material, laser 
initiated fast spectroscopy was performed on the VPP nanoparticles prepared at 900 °C. 
Aluminum nanoparticles from Alfa Aesar were used for comparison. The native materials were 
mounted in a thin layer on CaF2 from a slurry in acetone, and initiated using a laser pulse. The 
plasma emission of the Al and Al4C3 materials at 500 nm is shown in Figure 4.23. Both the 
metallic aluminum and Al4C3 particles showed increased plasma emission with increased laser 
power, but the metallic aluminum particles showed a greater overall emission due to the 
aluminum being diluted in the Al4C3 sample. Interestingly, the Al4C3 showed plasma emission 
approximately 0.25 nsec sooner than the metallic aluminum samples (Figure 4.23). This is 
thought to be due to the amorphous carbon coating on the Al4C3 materials which has a higher 
thermal conductivity compared to aluminum oxide which passivated the surface of the aluminum 
particles (80 and 30 W mK-1, respectively).27 When the Al and Al4C3 materials were combined 
into MICs with nanopowder Fe2O3, similar plasma emission was observed at 500 nm, however 
higher laser power was required for excitation. Again in the MIC, Al4C3 showed slightly fast 
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emission compared with metallic aluminum (Figure 4.24). Optical microscopy images were 
taken of the excitation area (Figure 4.25). The samples have an agglomerated morphology. For 
the pure Al and Al4C3, the Al4C3 samples had a diffuse halo surround the point where the laser 
has excited the sample compared to the Al samples which had no halo. This is believed to be due 
to the expansion of hot COx during combustion of the Al4C3. No significant differences could be 
observed for the MICs containing nanopowder FeO3. Ideally, a homogeneous sample layer is 
needed for these laser experiments, but formulating a method for making colloidal suspensions 
of these materials was beyond the scope of this work. 
 
 
 
Figure 4.23. Laser initiated fast spectroscopy plasma emission at 500 nm from (a) oxide 
passivated aluminum nanoparticles and (b) VPP Al4C3 nanoparticles. 
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Figure 4.24. Laser initiated fast spectroscopy plasma emission at 500 nm from 10 wt% (a) Al 
and (b) Al4C3 combined with nanopowder Fe2O3.  
 
 
 
Figure 4.25. Optical microscopy images of (a) oxide coated aluminum nanoparticles and (b) 
vapor phase pyrolysis Al4C3 excited by the laser pulse after the spectroscopy experiments. The 
laser fluence was 1.1 J cm-2.  
 
4.4 Conclusions 
 In this chapter Al4C3 was prepared using an ultrasonic spray and vapor phase pyrolysis 
techniques. Three precursors were tested: trimethyl, triethyl, and triisobutyl aluminum. It was 
found that trimethyl and triethyl yielded Al4C3 as a pyrolysis product, but triisobutyl aluminum 
could not be nebulized and the vapor phase pyrolysis reaction system became plugged with 
metallic aluminum. A previous report for the pyrolysis of triethyl aluminum has shown that a 
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composite of metallic aluminum and Al4C3 was formed, but in these experiments only Al4C3 was 
observed in the powder x-ray analysis. Unlike like this previous report, the USP and VPP 
product at temperatures of 900 to 1100 °C showed a core-shell structure. Studies on the surface 
of the particles showed that this shell consisted of poorly crystallized carbon, and that this carbon 
layer passivated the particles against oxidation due to humidity and oxygen. The USP and VPP 
products prepared at 700 or 800 °C showed poor aging characteristics because the products at 
these temperatures did not have the carbon passivating layer. Products made at the highest 
synthesis temperatures showed the best aging, and had no observable change in morphology 
even after being exposed to the ambient lab environment for 1 month.  
 The VPP products were explored for applications in energetic materials applications, and 
compared to a commercially available Al4C3 powder. Thermal analysis of MICs containing 
Al4C3 showed that the commercially available powder reacted in a two step fashion with an 
aluminum oxycarbide intermediate phase. The VPP Al4C3 reacted in a single step in a highly 
exothermic reaction. While neither the commercial nor the VPP Al4C3 were able to produce the 
theoretical enthalpy of reaction, the sudden single step reaction for the VPP product suggested it 
could have applications in energetic materials applications. To further explore this idea, the VPP 
and commercial Al4C3 were combined with various oxidizers. It was found that when the VPP 
Al4C3 was combined with nanopowder of Fe2O3, Bi2O3, CuO, or LiClO4 and initiated in a flame 
that a clearly audible report could be heard suggesting a detonative reaction. This further 
strengthened the possible application of nanoparticles of Al4C3 as an energetic material 
 Laser initiated fast spectroscopy measurements were performed on metastable 
intermolecular composites containing 50 nm Al or VPP Al4C3 combined with nanopowder 
Fe2O3. It was found that VPP Al4C3 showed faster plasma emission at 500 nm compared to 
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metallic aluminum particles. It was hypothesized the higher thermal conductivity of the 
amorphous carbon layer on the Al4C3 particles compared to aluminum oxide on the surface of 
the metallic aluminum particles was responsible for faster energy transfer to the Al4C3 core and 
forming the observed plasma. A similarly faster plasma response was observed for Al4C3 when 
combined with nanopowder Fe2O3 as well. 
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CHAPTER 5 
 
CONSTRUCTION AND CALIBRATION OF A SYSTEM 
FOR TESTING WATER SPLITTING PHOTOCATALYSTS 
 
5.1 Introduction 
 The purpose of this chapter is to provide detailed information on the photocatalysis 
system that was constructed, calibrated and used for measuring the activity of the photocatalysts 
covered in Chapter 6. The various parts of the system are discussed, including the gas handling 
system, gas chromatograph with thermal conductivity detector, calibration, outer irradiation cell 
setup, inner irradiation cell setup, and the testing of some previously reported photocatalysts. 
 
5.2 Catalyst Testing System 
5.2.1 Gas Handling System 
 A gas handling system in the Suslick research lab was assembled by previous group 
members Mingming Fang1, and James Oxley2. Gas flow into the manifold system was controlled 
using MKS mass flow controllers (Type 1259C, max. flow rate 100 sccm) connected to a MKS 
4-channel readout (Type 249C). The carrier gas was directed through the system into a bubbler 
filled with 18 MΩ, nano-pure water before being sparged through the photocatalysis reactions 
and finally into the gas chromatograph. Water filled bubblers were used to humidify the gas 
stream into order to minimize any evaporation due to sparing the photocatalysis reactions. An 
illustration of the system is shown in Figure 5.1. 
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Figure 5.1. Block diagram of the gas handling system with a typical experimental setup. All 
circles represent valves. Closed-circles are closed valves. The blue line indicates the flow of gas 
through the system during photocatalysis experiments.  
 
5.2.2 Gas Chromatograph with Thermal Conductivity Detector 
 An Agilent GC-6890 gas chromatograph (GC) equipped with a 30 m, 0.53μm OD, 
Agilent 19095P-MS6E HP-Molesieve column and a G1532-60720 thermal conductivity detector 
(TCD) was chosen for separating and analyzing the H2 and O2 gases evolved during the 
photocatalytic water splitting experiments. GC-TCD systems with this configuration  have been 
shown previously in the literature to be effective in separating and accurately measuring the 
concentration of analyte gases in these experiments.3,4 Additionally, the GC-TCD system had a 
pneumatically actuated, computer controlled sampling valve with a 1 mL sample loop. The 1 mL 
gas samples were then directed into the split/splitless column inlet before finally entering the 
column for separation and detection. 
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The carrier gases used to elute samples in the GC and the gases used to sparge the 
photocatalysis reaction were chosen for these experiments so as to give the greatest difference in 
thermal conductivity and the best detector response. For experiments analyzing H2 evolution 
activity Ar was used as both the GC carrier gas and reaction sparging gas. Similarly, He was 
used as the GC carrier gas and reaction sparging gas for experiments analyzing O2 evolution 
activity. This gave thermal conductivity ratios of 187:18 for H2:Ar and 26:157 for O2:He. 
Windows based, Chemstation software was used to control the GC-TCD during experiments and 
a method was developed for separating H2 and O2. An example chromatogram from a sample 
containing a mixture of H2, O2, and N2 is shown in Figure 5.2. 
 
 
Figure 5.2. A sample chromatogram showing peaks corresponding to H2, O2, and N2. 
 
5.3 Calibration 
 In order to know the concentration of H2 or O2 analytes present in the gas steam analyzed 
by the GC-TCD system, calibrated tanks of 5%, 2000 ppm, 500 ppm, and 100 ppm H2 in Ar; and 
1000 and 500 ppm O2 in He were purchased from S.J. Smith. By flowing these gases through the 
gas handling system and diluting them with additional carrier gas, calibration plots were made by 
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relating the peak area of the analyte with the concentration of calibration gas (Figures 5.3) These 
calibration curves were used to determine the amount of H2 or O2 gas produced by a 
photocatalyst during testing. 
 
 
Figure 5.3. Calibration graphs for (a) H2, and (b) O2. 
 
5.4 Glassware and Irradiation Sources 
5.4.1 Outer Irradiation System with Cermax Xe Lamp 
 The first iteration of the photocatalysis testing system utilized a 50 mL water-jacketed 
quartz cell. Irradiation was provided by a Cermax 300 W Xe lamp operating at 18 A supplied 
from a Varian PS300-1 Illuminator Power Supply.  This Xe lamp had an internal reflector 
resulting in a collimated beam of light and the spectral output is shown in Figure 5.4. Reactions 
were sparged via a dip tube submerged in the photocatalysis suspensions, and stirred using a 
magnetic stir bar to keep the particles suspended. A diagram and photo of the experimental setup 
using this system is shown in Figures 5.5 and 5.6, respectively. 
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Figure 5.4. Spectral output of the Cermax 300 W Xe lamp. 
 
 
 
 
Figure 5.5. Gas handling system and Cermax Xe lamp setup used for photocatalysis 
experiments. 
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Figure 5.6. Photo of the photocatalysis cell setup with the Cermax Xe lamp. 
 
5.4.1.1     Testing of Previously Reported Photocatalyst 
 To test the performance of the constructed photocatalysis testing system, two previously 
reported photocatalysts were tested. First, Deguessa P-25 TiO2 was used as a photocatalyst in a 
basic solution of NaCO3 as previously reported by Arakawa et al.5 A Pt cocatalyst was added to 
the TiO2 by photoreduction of H2PtCl6 in solution (Figure 5.7).5 Hydrogen was observed to 
evolve from the Pt/TiO2 photocatalyst in NaCO3 solution; however, the amount of H2 gas was 
nearly 600 fold lower than reported by Arakawa and coworkers (Table 5.1). There were several 
experimental differences that might account for the significantly smaller amount of hydrogen 
evolved from these similar experiments. Foremost, Arakawa’s setup used a Hg lamp with much 
greater UV emission. The band gap of TiO2 is 3.2 eV, which is just into the UV part of the 
spectrum. The UV emission from the Xe lamp used in this setup has only weak emission 
stretching into the UV. Additionally, Arakawa’s experiments were run at 35 Torr.. Running the 
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reaction at low pressures could help prevent the back reaction because H2 and O2 would be 
favored entropically.  
 
 
 
Figure 5.7. TEM micrograph of photocatalyst Degussa P-25 TiO2 decorated with Pt 
nanoparticles deposited by photoreduction of H2PtCl6. 
 
Table 5.1. Comparison of Pt/TiO2 photocatalyst performance 
 
 
 
 
Pt
Arakawa Suslick
Reactor 
Vessel Inner Outer
Lamp 400 W Hg 300 W Xe
Reaction 
Pressure
35 Torr 
Ar
800 Torr
Ar
H2
Evolution 583 
mmol/h ~ 1 mmol/h
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 As a second test, the (Ga0.88Zn0.12)(N0.88O0.12) photocatalyst with Rh/Cr2O3 reported by 
Domen et al. was prepared and examined for water splitting activity (Figure 5.8).6 This 
photocatalyst was chosen because it possesses absorption in the visible portion of the spectrum 
and the reported experiments were performed under atmospheric pressure. It was hoped that the 
photocatalytic activity measured using the constructed system would more closely match the 
activity reported in the literature, but again it was found that the system assembled showed a 50 
fold lower activity compared to the value reported by Domen and coworkers (Table 5.2).6  
 
 
 Figure 5.8.  TEM micrograph of (Ga0.88Zn0.12)(N0.88O0.12) with Rh/Cr2O3 cocatalyst (indicated 
by arrows). Inset shows energy dispersive x-ray elemental analysis of the particle shown. 
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Table 5.2. Comparison of zinc gallium oxynitride photocatalyst performance. 
 
 
 
5.4.2 Inner Irradiation System with Hg Lamp 
 The testing results in the preceding section suggested that inner irradiation systems using 
Hg lamps showed greater performance, so a 500 mL inner irradiation photochemical cell with a 
medium pressure Hg lamp was purchased from Ace Glassware (model 7861-250). The assembly 
and experimental setup of this cell is shown in Figure 5.9. The spectral output of the Hg lamp 
was measured, and is shown in Figure 5.10. The cell was connected to the gas handling system 
using thick walled stainless steel tubing in a manner similar to that used for the outer irradiation 
setup. 
 
Domen Suslick
Reactor 
Vessel Inner Outer
Lamp 450 W Hg 300 W Xe
Reaction 
Pressure 760 Torr Ar 800 Torr Ar
H2
Evolution 300 
µmol/h ~ 6 µmol/h
132 
 
 
 
Figure 5.9. (A) Photograph of the inner irradiation cell photochemical cell setup. (B) An 
illustration of the photochemical cell assembly. Adapted from 7.  
 
 
 
Figure 5.10. Spectral output of the medium pressure Hg lamp used for the inner irradiation 
photochemical cell. 
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5.5 Conclusions 
 A photocatalysis testing system was built, calibrated and tested. A previously constructed 
gas manifold system was used to control the flow of gases through the photocatalysis reactions. 
A GC was modified to separate and detect the H2 and O2 gases produced, and calibration curves 
were made by diluting gases with known concentrations of H2 or O2. Two photocatalysis 
reaction systems were assembled. The outer irradiation system used a high pressure Cermax 
lamp, but experimental testing of previously reported photocatalysts showed that inner 
irradiation systems with Hg lamps were capable of producing greater amounts of H2 and O2 from 
active photocatalysts. For this reason an inner irradiation system was purchased from Ace Glass 
and fitted to connect to the gas handling system. Experiments using the inner irradiation system 
are shown in Chapter 6.  
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CHAPTER 6 
 
TESTING AND QUANTUM EFFICIENCY 
OF ZnS:Ni2+ AND BiVO4 PHOTOCATALYSTS 
 
 
6.1 Introduction 
 There have been several motivating factors recently (e.g. volatile cost of crude oil, 
predicted limit of fossil fuels1, and scientific reports linking global warming to higher CO2 
concentrations in the atmosphere2) pushing the development of clean, renewable energy sources. 
Solar energy has drawn considerable attention as an alternative energy source since more energy 
from the sun hits the earth’s surface in an hour than is consumed in an entire year.1,3 A 
significant problem with solar energy, however, is drawing power from solar energy at night or 
on cloudy days. One solution to this problem is to develop fuels, such as hydrogen, that can be 
produced from solar energy and stored for use at times when direct solar power is unavailable. 
Thus an ultimate goal in solar energy research is to harness solar energy for large-scale hydrogen 
production, and direct water splitting via photocatalysis is one possible way to achieve this goal. 
 Photocatalytic water splitting for hydrogen production was first discovered by Honda and 
Fujishima in 1972, and their pioneering work has led to extensive research in this field.4-15 In the 
photocatalytic water splitting reaction, H2O is converted in to H2 and O2 with the assistance of a 
semiconducting material (Figure 6.1). When the semiconductor photocatalyst is irradiated with 
light equal to or greater than the semiconductor band gap, excitons are created causing the 
formation of electron-hole pairs in the conduction and valance bands. The electron-hole pairs are 
capable of carrying out redox reactions as long as the conduction and valance band edges are at 
appropriate energy levels.16 Thermodynamically speaking, if the conduction band is more 
negative than the potential required for proton reduction, electrons in the conduction band near 
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the surface of a semiconductor can reduce protons in solution to produce H2 gas. Similarly, if the 
valance band is more positive than the potential required for water oxidation, then a 
semiconductor can oxidize water in solution to produce O2 gas. This combination of half 
reactions is the overall splitting of water into H2 and O2, and has a theoretical minimum bandgap 
of 1.23 eV, which corresponds to light with a wavelength of ~1000 nm. The thermodynamic 
driving force for this reaction is in the infrared, but photocatalysts capable of performing this 
reaction using visible light are needed to collect a viable fraction of solar radiation. So far 
hundreds of inorganic materials have been examined, but none have demonstrated enough 
activity to be viable. 
 
 
 
Figure 6.1. The basic principle of overall watersplitting by a photocatalyst. Adapted from Ref. 
17. 
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6.2 Experimental 
6.2.1 Photocatalysis Testing for ZnS:Ni2+ 
 The ultrasonic spray pyrolysis (USP) syntheses of the ZnS:Ni2+ photocatalysts were 
performed by Dr. JinHo Bang.18 Briefly, 50 mL solutions containing 0.2 M Zn(NO3)2, 1 M 
CN2H4S (thiourea), 3 mL Ludox® colloidal SiO2 suspension (34 wt% SiO2, average particle size 
23 nm), and 0.2 mM NiNO3 were prepared from reagent grade materials used as purchased. 
These solutions were nebulized and carried into a heated quartz furnace tube using typical USP 
procedures.19,20 The furnace temperature was 700 °C for hollow microsphere synthesis or 1000 
°C for nanoparticle synthesis. The product was collected in a series of several bubblers filled 
with deionized water, isolated by centrifugation, and washed three times by repeated 
sonication/centrifugation steps discarding the supernatant each time and replacing it with a small 
volume of deionized water. The particles were then etched using an ethanolic HF solution to 
remove the SiO2 template. 
The photocatalysis testing for ZnS:Ni2+ was performed using the catalyst testing system 
outlined in Chapter 5 and illustrated in Figure 6.2. More specifically, the tests were run under 
visible light irradiation using a Varian EIMAC 300UV (300 W) Cermax Xe lamp operating at 18 
A supplied from a Varian PS300-1 Illuminator Power Supply. The light was passed through a 2 
M solution of NaNO2 to remove any UV wavelength light (Figure 6.3). Argon was sparged 
through the reaction suspension to carry the hydrogen produced by the reaction to an Agilent 
6890 GC equipped with a 30 m, 0.53 mm ID column (19095P-MS6E Molesieve) which was 
connected to a thermal conductivity detector (G1532-60720). The carrier gas was ultrapure Ar.  
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Figure 6.2. Schematic illustration of the water splitting photocatalysis testing rig used for testing 
ZnS:Ni2+ photocatalyst. 
 
 
 
 
 
Figure 6.3. Transmission spectrum of a water filter containing 2 M NaNO2. Adapted from Bang, 
J. H.; Helmich, R. J.; Suslick, K. S. Adv. Mater. 2008, 20, 2599-2603. 
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 Each photocatalysis test was run using a solution containing 0.1 g of ZnS:Ni2+ 
photocatalyst in 50 mL of solution consisting of 0.5 M K2SO3 and 5 mM Na2S which act as hole 
scavengers as noted in the literature.12 The water-jacketed quartz reaction cell was filled with 
photocatalyst suspensions, as outlined, and a magnetic stir bar. The ZnS:Ni2+ suspensions were 
stirred and thermostated to 25 °C during testing by flowing water through the jacketed cell from 
a thermostated bath. 
 
6.2.2 Photocatalysis Testing for BiVO4 
 The USP synthesis of BiVO4 was performed by Scott Dunkle.21 Briefly, a precursor 
solution consisting of 0.2 M Bi(NO3)3∙5H2O and NH4VO3 were dissolved in ~3 M HNO3. 
Bi(NO3)3∙5H2O was from Sigma-Aldrich, while NH4VO3 was from Alfa Aesar, and both were 
used without further purification. Stirring is recommended to ensure a homogeneous solution. 
This precursor solution was nebulized and carried into a quartz tube furnace heated to 700 °C by 
a 1 slpm flow of air. The product was collected in a series of bubblers filled with deionized 
water. The product microspheres were collected by centrifugation, and washed a minimum of 
three times with fresh deionized water by repeated centrifugation/sonication. 
 The photocatalysis testing for BiVO4 was performed using the catalyst testing system 
outlined in Chapter 5 and illustrated in Figure 6.4. This system differs slightly from that used for 
testing ZnS:Ni2+. Specifically, an inner irradiation vessel with a 300 W medium pressure Hg 
lamp, Aceglass product #7840-180, was used (Figure 6.5). Helium was sparged through the 
reaction through a coarse-fritted gas sparger. The same GC-TCD and column combination given 
previously was used, except that the carrier gas was switched to ultrapure helium. 
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Figure 6.4. Schematic illustration of the water splitting photocatalysis testing rig used for testing 
BiVO4 photocatalyst. 
 
 
 
 
 
Figure 6.5. (a) An image of the photochemical reaction assembly completely assembled 
and connected to the gas handling system. (b) An illustration of the reaction vessel with 
an example of how the immersion well inserts through the top. Figure adapted from 
www.aceglass.com/page.php?page=7863. 
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Each photocatalysis measurement was performed using 0.5 g of BiVO4 in 500 mL of a 
solution containing 50 mM AgNO3 which acts to scavenge photogenerated electrons in the 
photocatalysts. The inner irradiation cell was charged with 500 mL of the suspension, and a stir 
bar was used to keep the material suspended during the reaction. A cooling solution consisting of 
2 M NaNO2 from a thermostated bath was pumped through the inner irradiation immersion well, 
which kept the reaction at ~35 °C while running as well as filtered out any UV light emitted by 
the Hg lamp. 
 
6.2.3 Quantum Efficiency Measurements 
 Quantum efficiency measurements were performed using previously reported 
actinometry techniques with potassium ferrioxalate (K3Fe(C2O4)3).22 The full details of these 
methods will be outlined because so much variability can be observed among measurements 
under similar conditions.23 The photoreduction reaction for potassium ferrioxalate in solution is 
given in Scheme 6.1. 
 
 
Scheme 6.1. The photoreduction reaction for ferrioxalate ion. 
 
 
 Potassium ferrioxalate was synthesized by mixing 100 mL each of 1.5 M K2C2O4 and 1.5 
M FeCl3, both of which were reagent grade from Fisher Scientific. From these combined 
solutions a light green precipitate of crude K3Fe(C2O4)3 was collected. This crude product was 
recrystallized three times from minimal volumes of hot deionized water, then stored in the dark. 
K3Fe(C2O4)3∙3H2O was also purchased from Alfa Aesar and used without further purification. 
 For the purpose of carrying out the actinometry measurements the following solutions 
were prepared using volumetric glassware: 
2 [Fe(C2O4)3]3- + hν 2 [Fe(C2O4)2]2- + C2O42- + 2 CO2
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1 L of 0.5 M H2SO4 by mixing 28 mL of 18 M stock H2SO4 with water diluted to the mark. 
 
1 L of 0.05 M H2SO4 by mixing 100 mL of 0.5 M H2SO4 solution with water diluted to the mark. 
 
25 mL of 0.1 M FeSO4 in 0.05 M H2SO4 by dissolving 0.695 g of FeSO4 in 0.05 M H2SO4 
solution filled to the mark. 
 
50 mL of 0.4 mM FeSO4 in 0.05 M H2SO4 by diluting 0.2 mL of 0.1 M FeSO4 in 0.05 M FeSO4 
solution with 0.05 M H2SO4 diluted to the mark. 
 
100 mL of 0.1 w/v% 1,10-phenanthroline by dissolving 100 mg of phenanthroline in 100 mL of 
water. 
 
1 L of sodium acetate buffer by dissolving 81.65 g of sodium acetate in 600 mL of nanopure 
water then diluting with 360 mL of 0.5 M H2SO4 and filled to the mark with additional nanopure 
water. 
 
1 L of 6 mM K3Fe(C2O4)3 by dissolving 2.947 g of K3Fe(C2O4)3 in 100 mL of 0.05 M H2SO4 
and water filled to the mark. 
 
250 mL of 0.15 M K3Fe(C2O4)3 by dissolving 18.43 g of K3Fe(C2O4)3 in 25 mL of 0.05 M 
H2SO4 and water filled to the mark. 
 
 The solutions of K3Fe(C2O4)3 were used within a few days of being prepared, and stored 
wrapped in aluminum foil in a room with the overhead fluorescent lights off to prevent 
unintentional reaction of the actinometer with light. 
 The 0.4 mM FeSO4 and 1,10-phenanthroline solutions were used to make a calibration 
curve. In 25 mL volumetric flasks, aliquots of 0.4 mM FeSO4 (0, 0.5, 1, 1.5, 2 mL…etc) were 
combined with enough 0.05 M H2SO4 to make the total volume 10 mL. To each flask, 2 mL of 
1,10-phenanthroline solution and 5 mL of sodium acetate buffer were added, and each flask was 
then diluted to the line using deionized water. The flasks were allowed to sit for 1 hr to allow for 
complete formation of the Fe-phenanthroline complex. The absorbance of each solution at 510 
nm was measured on a Hitachi U-3010 UV-Vis spectrophotometer, and a calibration plot using 
the absorption verses [Fe2+] was assembled (Figures 6.6). A least squares regression of the data 
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gave a line with slope 11057 L/mol∙cm which is in good agreement with the molar absorptivity 
of 1.11∙104 L/mol∙cm for the Fe2+-phenanthroline complex.22 
 
 
 
Figure 6.6. Calibration plot of [Fe2+] verses absorbance used for actinometry measurement. 
 
 Having constructed the calibration curve for [Fe2+], 50 mL aliquots of K3Fe(C2O4)3 
solutions were irradiated in a water-jacketed quartz cell using a Varian EIMAC 300UV (300 W) 
Cermax Xe lamp operating at 18 A supplied from a Varian PS300-1 Illuminator Power Supply. 
Band pass filters from Andover Corp (400, 430, 450, 470 nm, FWHM = 10 nm, Transmittance = 
25%) were used to isolate wavelengths from the lamp. The solutions were vigorously stirred 
using a magnetic stir bar during irradiation, and 1 mL samples of the K3Fe(C2O4)3 solution were 
taken at 30 sec and 1 min. and added to 25 mL volumetric flasks. To these aliquots of irradiated 
solution the following was added in succession and swirled after each addition: 2 mL of 
phenanthroline solution and 5 mL of sodium acetate buffer. The solutions were then diluted with 
deionized water, filling the volumetric flasks to the line. These solutions were allowed to stand 
for 1 hr. The absorbances of the solutions were measured using the spectrophotometer previously 
mentioned. From the absorbance of the solution, the number of Fe2+ ions formed during 
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irradiation can be calculating using Equation 6.1 where V1= volume of actinometer solution 
irradiated (50 mL), V2 = volume of aliquot taken from the actinometer solution (1 mL), V3 = the 
final volume to which the aliquot taken in V2 is diluted to (25 mL), A = measured absorption of 
the diluted sample, 𝑙 = path length of the cell used for measuring the absorbance of the solution 
(1 cm), and 𝜖 = the measured molar absorptivity from the calibration plot made previously 
(1.106 ∙ 104 L/mol∙cm). Using the value for 𝑛𝐹𝑒2+ calculated from Eq. 6.1, then it is possible to 
calculate the quantum irradiance just inside the front window of the vessel using Equation 6.2, 
where the value of 𝛷𝐹𝑒+2  is given in Table 6.1 for the appropriate wavelength (from the band 
pass filter used),t is the time of exposure ( 30 or 60 sec), and A is the fraction of light absorbed 
by the length of actinometer solution  used. The quantum irradiance from the 300 W Xe lamp 
used for these measurements is summarized in Table 6.2. 
  
 
 
𝑛𝐹𝑒2+ =  6.023 ×1020𝑉1𝑉3𝐴𝑉2𝑙𝜖    (6.1) 
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Table 6.1. Quantum yield of Fe2+ from K3Fe(C2O4)3 solutions at 22 °C.22 
 
 
 
 
 
 
 
𝐼0
𝑖 =  𝑛𝐹𝑒2+
𝛷𝐹𝑒2+𝑡𝐴
     (6.2) 
  
Wavelength (nm) [K3Fe(C2O4)3] (M)
Fraction Light 
Absorbed
( l = 15 mm) Φ(Fe2+)
577
0.15 0.118 0.013
579
546 0.15 0.061 0.15
509 0.15 0.132 0.86
480 0.15 0.578 0.94
468 0.15 0.850 0.93
436 0.15 0.997 1.01
0.006 0.615 1.11
405 0.006 0.962 1.14
366 0.006 1.00 1.24
0.15 1.00 1.18
334 0.006 1.00 1.15
313 0.006 1.00 1.23
297
0.006 1.00 1.24
302
254 0.006 1.00 1.25
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Table 6.2. Measured quantum irradiance from 300UV Xe Cermax lamp with specified bandpass 
filters. (1 Einstein = 6.023∙1023 photons) 
 
 
 
 
 The quantum irradiance measurements were subsequently used to calculate the quantum 
efficiency of the photocatalysts that were tested. The same reaction cell, 300 W Xe lamp, power 
supply, and band pass filters were used in the same configuration as the quantum irradiance 
measurements, except that the reaction cell was exposed to ambient room light and connected to 
the gas handling system as outlined in Chapter 5. The quantum efficiency for hydrogen and 
oxygen production are given in Equation 6.3 and 6.4, respectively. All photons into the 
photocatalyst suspensions were assumed to be adsorbed, so the quantum efficiency 
measurements are assumed to be a lower limit. 
 
𝑄𝐸𝐻2 = 𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑒𝑣𝑜𝑙𝑣𝑒𝑑 𝐻2 𝑚𝑜𝑙𝑒𝑐𝑢𝑙𝑒𝑠×2𝑛𝑢𝑚𝑏𝑒𝑟 𝑖𝑛𝑐𝑖𝑑𝑒𝑛𝑡 𝑝ℎ𝑜𝑡𝑜𝑛𝑠 × 100  (6.3) 
 
𝑄𝐸𝑂2 = 𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑒𝑣𝑜𝑙𝑣𝑒𝑑 𝑂2 𝑚𝑜𝑙𝑒𝑐𝑢𝑙𝑒𝑠×4𝑛𝑢𝑚𝑏𝑒𝑟 𝑖𝑛𝑐𝑖𝑑𝑒𝑛𝑡 𝑝ℎ𝑜𝑡𝑜𝑛𝑠 × 100  (6.4) 
  
Band Pass Filter Wavelength
400 nm 430 nm 450 nm 470 nm
Quantum Irradiance 
(μEinstein/sec) 0.558 0.620 0.894 1.19
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6.3 Results and Discussion 
6.3.1 USP ZnS:Ni2+ Photocatalysts 
 The products collected from the USP synthesis of ZnS:Ni2+ are shown in Figure 6.7. For 
reactions run at 700 °C, hollow, porous microspheres were collected after the silica template had 
been removed, but at 1000 °C agglomerates of nanoparticles were collected as the product after 
removing the silica template. An additional control reaction was run at 1000 °C, with no 
colloidal SiO2 inthe precursor solution, and the result was solid microspheres of ZnS:Ni2+. 
 
Figure 6.7. SEM and TEM micrographs of nanostructured ZnS:Ni2+ hollow microspheres (a and 
b, respectively), nanoparticles (c and d, respectively), and non-templated solid microspheres (e 
and f, respectively).{Bang, 2008 #39} 
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 To explain the morphology observed for the products a simple scheme for the preparation 
of the ZnS:Ni2+ is illustrated in Figure 6.8  As droplets of the precursor enter the heated furnace 
tube, ZnS starts to precipitate out at the surface of the droplets and decomposition gases (NOx, 
NH3, and HNCS) evolve. Because ZnS and its precursors are poorly soluble, this leads to a shell 
that is enriched in ZnS while the SiO2 colloidal particles become segregated to the core. This 
explains the observed hollow morphology of the microspheres prepared at 700 °C after the silica 
is removed by etching with HF. Increasing the temperature from 700 to 1000 °C resulted in 
agglomerates of nanoparticles after removing the silica template with HF. It is believed that this 
change in morphology is due to faster formation of the ZnS in the particles, leaving less time for 
the SiO2 colloidal particles to migrate to the center of the particle. The more homogeneous 
distribution of colloidal SiO2 causes a loss of structural integrity which results in the 
microspheres falling apart into nanoparticles of ZnS when the silica is removed. 
 
 
 
Figure 6.8. Schematic of the ultrasonic spray pyrolysis (USP) synthesis of hollow microspheres 
and nanoparticles of Ni2+-doped ZnS.{Bang, 2008 #39} 
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 The diffuse reflectance UV-Vis spectra and powder diffraction patterns (XRD) for the 
various ZnS:Ni2+ prepared materials are given in Figure 6.9. All of the materials showed 
absorbance into the visible region, extending to ~550 nm. In comparison, undoped ZnS only 
showed absorbance in the UV region (dashed line), indicating Ni2+ doped into the ZnS forms a 
new energy level in the band structure of the semiconductor.24 Higher temperature processing 
increases the relative intensity of the absorbance from the Ni2+-doping observed in the 
spectrum(?) and also the apparent crystallite size: as determined by the peak widths in the XRD 
patterns using the Debye-Scherrer equation, the crystallite sizes for the hollow microspheres, the 
nanoparticles, and the non-templated solid microspheres are 7.3 nm, 27 nm, and >50 nm, 
respectively.  These calculated crystallite sizes are in good agreement with direct TEM 
observation (Figure 6.7). In all cases, the ZnS:Ni2+ diffraction patterns showed a hexagonal 
wurtzite structure, which is thermodynamically favored at high temperatures.25,26 The hollow 
microspheres show broad diffraction peaks due smaller crystallite size; due to the width of the 
XRD peaks and the close overlap of the hexagonal wurtzite and cubic zinc blende structures, the 
presence of some zinc blende structure in the hollow microspheres cannot be rule out 
definitively. 
 The porosity of the ZnS:Ni2+ materials was examined by N2 adsorption/desorption 
isotherms (Figure 6.10). The Brunauer-Emmett-Teller (BET) surface areas of the hollow 
microspheres, the nanoparticles, and the non-templated solid microspheres are, respectively, 102 
m2/g, 47 m2/g (probably due to the larger crystallites of the higher temperature processing), and 
2.0 m2/g.  The hollow microspheres show a typical type-IV isotherm, characteristic of 
mesoporous materials, with a narrow and uniform pore size distribution centered at 23 nm, which 
corresponds to the size of silica colloid used in this synthesis. 
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Figure 6.9. Diffuse reflectance UV-vis spectra and XRD patterns of USP-prepared ZnS:Ni2+ 
hollow microspheres (a and b, respectively), nanoparticles (c and d, respectively), and non-
templated solid microspheres (e and f, respectively). For comparison, the diffuse reflectance UV-
vis spectrum of pure ZnS powder is given as a dashed line in a, c, and e.{Bang, 2008 #39} 
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Figure 6.10. (a) Nitrogen adsorption and desorption isotherms of nanostructured ZnS:Ni2+ 
hollow micro-spheres and (b) their pore size distribution obtained from adsorption branch using 
BJH method.{Bang, 2008 #39} 
 
 
 The photocatalytic activity of the materials prepared by USP toward water splitting under 
visible light irradiation was examined in the presence of sacrificial donors, K2SO3 and Na2S. 
Figure 6.11a shows a comparison of the H2 production from the materials prepared by USP 
without the use of a cocatalyst such as Pt or RuO2. Nanoparticles of ZnS:Ni2+ prepared by USP 
were observed to have the highest activity, and the hollow, porous microspheres showed the 
lowest activity. The solid microspheres prepared as a control showed only slightly higher activity 
compared to the hollow, porous microspheres. The poor activity of the hollow, porous 
microspheres is attributed to the very small crystallite size and poor crystallinity observed by 
 a
b
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XRD analysis, since electron-hole recombination mainly occurs at surface defect sites.27 For the 
solid microparticles created by USP, slightly higher activity is observed likely due to higher 
crystallinity, but their low surface area limits the amount of hydrogen produced since not all 
photogenerated redox species are accessible. The nanoparticles created by USP showed the 
highest production of hydrogen. These particles showed higher crystallinity compared to the 
hollow, porous microspheres, but lower surface area. These results emphasize that a delicate 
balance is required between crystallinity of the photocatalyst and porosity or particle size. 
 
Figure 6.11. (a) Photocatalytic activities for H2 production of USP-prepared ZnS:Ni2+ 
nanoparticles, solid microspheres, and hollow microspheres under visible light irradiation (λ > 
400 nm). (b) Photocatalytic activities under visible light irradiation (λ > 400 nm) of ZnS:Ni2+ 
nanoparticles prepared by USP, as-obtained ZnS:Ni2+ powder prepared by traditional co-
precipitation, and heat-treated ZnS:Ni2+ co-precipitated powder (500 °C, 2 h under Ar flow). In 
each case, 0.1 g of a photocatalyst was suspended in 50 ml of an aqueous solution (0.5 M K2SO3, 
5 mM Na2S).{Bang, 2008 #39} 
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For comparison to the USP nanoparticles, ZnS:Ni2+ powder was prepared using the 
traditional co-precipitation method as previously reported by Kudo et al.24  As-obtained powder 
consists of agglomerates of ZnS:Ni2+ nanoparticles having a cubic zinc blende structure, and the 
specific surface area of the powder was found to be 113 m2/g (Figure 6.12 and 6.13).  To 
improve crystallinity of the as-obtained powder, it was heat-treated at 500 °C under Ar flow for 2 
h.  XRD analysis of the heat-treated powder reveals that ZnS:Ni2+ powder undergoes crystal 
structure change from a cubic zinc blende structure to a hexagonal wurtzite structure because at 
high temperatures the hexagonal wurtzite structure is more stable than that cubic zinc blende 
structure.  Surprisingly, small ZnO peaks are also observed along with intense ZnS peaks, which 
suggests that despite the argon atmosphere, ZnS:Ni2+ is partially oxidized during the heat-
treatment. The surface area of the heat-treated powder decreased by a factor of ~100 (to 1.7 
m2/g). 
Figure 6.11b shows that the photocatalytic activity of the USP nanoparticles for H2 
production is substantially superior to those of ZnS:Ni2+ powders obtained from the co-
precipitation method.  In addition, the USP nanoparticles did not show deactivation during the 
photocatalytic reaction, which reveals the improved stability of the USP nanoparticles compared 
to the ZnS:Ni2+ powders.  The quantum efficiency of the USP nanoparticles at 430 nm was found 
to be 2.1 ± 0.2%, which is much higher than the quantum efficiency reported by Kudo et al. 
(1.3% at 420 nm).24  While the co-precipitation method is simple and easy (especially for small 
scale preparations), it has severe limitations in the preparation of highly active photocatalysts 
which have crystallinities and surface areas that are well-balanced.  These results clearly 
demonstrate that USP is a robust and efficient method to achieve the requirement of a highly 
active photocatalyst. 
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Figure 6.12. (a) Diffuse reflectance UV-vis spectra, (b) XRD patterns, and (c) BET surface areas 
of ZnS:Ni2+ powders obtained by a co-precipitation method (a) before and (b) after heat-
treatment (500 °C, 2 h under Ar flow).  Note that ZnO peaks (marked as asterisks) were observed 
even with long pre-purging (2 hrs) of Ar gas prior to heat-treatment.{Bang, 2008 #39} 
 
 
Figure 6.13. SEM micrographs of ZnS:Ni2+ powders obtained by a co-precipitation method (a) 
before and (b) after heat-treatment.{Bang, 2008 #39} 
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6.3.2 USP BiVO4 Photocatalysts 
 The BiVO4 photocatalysts prepared by USP were observed to have a hollow morphology 
with large pores leading to the interior of the particles in SEM and TEM micrographs. Smaller 
particles were observed to be nested inside of larger particles giving some particles a ‘ball-in-
ball’ morphology (Figure 6.14). The surface area measured by nitrogen adsorption on the USP 
BiVO4 was 3.2 m2/g, which was considerably higher than that of commercially available 
material, which had a surface area of 0.45 m2/g. 
 
 
Figure 6.14. (A-D) SEM and (E-F) TEM micrographs illustrating typical particle morphologies 
observed for USP BiVO4.{Dunkle, 2009 #73} 
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 The hollow morphology of the BiVO4 particles is unusual considering no templating 
agents were used for preparing the microspheres. Similar morphologies were observed by 
Okuyama et al. for ZrO2 particles prepared using spray pyrolysis techniques.28 Okuyama and 
coworkers explained the morphology as a consequence of fast evaporation from the surface of 
the aerosol droplets causing supersaturated concentrations near the droplet surface. This causes 
the formation of a shell with additional precursor contained within. The shell then bursts open 
due to gases generated within from solvent evaporation and decomposition of precursors. A 
similar process is assumed for the BiVO4 observed here since a similar morphology is observed 
under similar synthetic conditions (Figure 6.15). The thermal decomposition of Bi(NO3)3 and 
NH4VO3 results in the formation of NOx, NH3, and H2O gas, causing a shell of BiVO4 to form 
macropores leading to the interior of the particles. 
 
 
Figure 6.15. Illustration of the mechanism of particle formation for USP BiVO4.{Dunkle, 2009 
#73} 
 
 
 Powder x-ray diffraction (XRD) of the BiVO4 particles had a diffraction pattern matching 
that of the monoclinic sheelite phase (Figure 6.16). This is consistent with the synthesis 
conditions (700 °C) used, because BiVO4 converts irreversibly from a tetragonal zircon phase at 
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~400 to 500 °C to the monoclinic phase.29 No additional peaks were observed in the diffraction 
pattern. Debye-Sherrer analysis of the diffraction peaks gave crystallite sizes of >150 nm. 
 
 
Figure 6.16. Powder x-ray diffraction pattern of BiVO4 prepared by ultrasonic spray 
pyrolysis.{Dunkle, 2009 #73} 
 
 
 The BiVO4 prepared by USP was tested for photocatalytic water splitting activity since 
previous reports have shown this material to evolve oxygen from solutions containing AgNO3.12 
The photocatalytic activity of USP BiVO4 was compared to commercially available BiVO4 (Alfa 
Aesar) and WO3 (Sigma-Aldrich). 
The diffuse reflectance UV-Vis spectra were measured for each of these materials and are 
shown in Figure 6.17. All materials were observed to absorb visible light, with the commercial 
BiVO4 absorbing furthest into the visible, up to ~525 nm. The band gap for these materials was 
estimated from the absorption onset at 2.4 eV for USP BiVO4, 2.3 eV for commercial BiVO4, 
and 2.6 eV for WO3.  
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Figure 6.17 Diffuse reflectance spectra for (a) commercial BiVO4, (b) USP BiVO4, and (c) 
WO3.{Dunkle, 2009 #73} 
 
 
Using the commercial BiVO4, the energy band structure was investigated further using 
ultraviolet photoelectron spectroscopy (UPS) methods previously reported by Domen and 
coworkers.30 By combining UPS and diffuse reflectance data, a band diagram for BiVO4 was 
constructed (Figure 6.18). The full band diagram explains the ability of BiVO4 to react with 
solutions containing AgNO3 to produce oxygen, but not to perform the overall splitting of water 
into H2 and O2 gas since the conduction band of the material is too low in energy to reduce 
protons to H2. 
200 300 400 500 600
A
bs
or
ba
nc
e 
(a
. u
.)
Wavelength (nm)
a
b
c
A
bs
or
ba
nc
e 
(a
. u
.)
158 
 
 
 
Figure 6.18. Band structure of BiVO4 constructed using ultraviolet photoelectron spectroscopy, 
and diffuse reflectance spectroscopy. CB = conduction band, EF = Fermi level, VB = valance 
band. Redox potentials for H+/H2, Ag+/Ag, and O2/H2O are given for reference. 
 
 
The energy band structure of BiVO4 is unique because of coupling of the Bi 6s and O 2p 
orbitals destabilizing the valance band, narrowing the band gap of the material.31-33 The band gap 
is further narrowed due to coupling of the V 3d, O 2p, and Bi 6s, lowering the conduction band 
energy. This coupling of the various orbitals in both the conduction band and valance band 
results in BiVO4 having an unusually narrow, direct band gap and a bright yellow color. 
Additionally, the coupling of the Bi 6s, and O 2p in the valance band of the material allows for 
improved hole mobility, which is beneficial for photocatalytic oxidation reactions.33 
Results of the photocatalytic production of O2 from suspensions of photocatalysts in 50 
mM AgNO3 solution with λ > 400 nm are shown in Figure 6.19. Overall, BiVO4 prepared using 
ultrasonic spray pyrolysis showed the highest activity, followed by commercial WO3. 
Commercial BiVO4 was the least active of the materials tested. The observed decrease in activity 
over time is attributed to the plating of Ag metal on the surface of the photocatalysts, lowering 
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the production of O2 over time. Figure 6.19b shows the peak and average O2 production rates for 
the first 5 hours of testing for each material, and based on this information USP BiVO4 is shown 
to have approximately 7-fold higher activity than WO3, which is the most commonly used 
reference for photocatalytic production of O2.12 
 
 
Figure 6.19. (a) A plot indicating the amount of O2 evolved over time from the various 
photocatalysts tested in a 50 mM solution of AgNO3. (b) A comparison of the maximum and 
average photocatalytic activity for each material tested (averages for the first 5 hours of 
testing).{Dunkle, 2009 #73} 
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The increase in photocatalytic activity for USP BiVO4 compared to the other materials 
tested is attributed to the unique morphology of the particles. All the materials had a high degree 
of crystallinity as observed by XRD (Figure 6.20). WO3 absorbs less visible light than BiVO4, 
however, its activity is higher than that of commercial BiVO4.  This is likely due to the O 2p 
valence band of WO3 lying at a more positive potential34 than the mixed Bi 6s O 2p valence band 
of BiVO4.  This gives WO3 an increased driving force for the oxidation of water compared to 
BiVO4.  While this is enough for the WO3 to outperform the activity of commercial BiVO4, it is 
not enough to outperform the USP prepared product.  Both commercial materials have similar 
particle morphologies (Figure 6.21), which are large (~2 µm) particles due to traditional solid 
state synthesis techniques.  The USP synthesized product is significantly different in that is 
composed of thin shells.  Previous work with BiVO4 nanoparticles have shown that particles 
with larger dimension have decreased photocatalytic activity toward oxygen evolution associated 
with the distance electron-hole pairs must travel through the material.35  When electron-hole 
pairs are generated in an irradiated solid, the charge carriers must move through the material and 
reach the surface in order to react and perform the desired reaction.  If the pair is generated deep 
inside a large particle, the probability of the electron and hole recombining before they reach the 
surface is increased compared to a nanostructured material.  In a nanostructured material, the 
electron and hole are already near the surface and have a shorter distance to travel to reach it, 
discouraging recombination.  This is one explanation for the increased activity of the USP-
generated BiVO4.  From electron micrographs (Figure 6.14), it appears the shell walls of the 
particles have a thickness of less than 100 nm.  This means the distance an electron or hole 
would have to travel to reach the surface in BiVO4 synthesized by USP would generally be much 
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less than in the commercial powders.  Consequently, if more electron-hole pairs reach the 
surface, there is a greater chance of reaction, and therefore an increase in photocatalytic activity. 
 
Figure 6.20. Powder x-ray diffraction patterns for (a) commercial BiVO4 and (b) commercial 
WO3.{Dunkle, 2009 #73} 
 
 
 
 
Figure 6.21. SEM micrographs of (A) commercial BiVO4 and (B) commercial WO3.{Dunkle, 
2009 #73} 
 
 
 Quantum efficiency measurements were performed on the BiVO4 produced via USP at 
various wavelengths using band pass filters with FWHM = 10 nm (Figure 6.22). The USP BiVO4 
showed the highest quantum efficiency of 2.58% at 400 nm, with the efficiency decreasing at 
longer wavelengths. 
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Figure 6.22. The quantum efficiency at various wavelengths for oxygen evolution using BiVO4 
prepared by ultrasonic spray pyrolysis.{Dunkle, 2009 #73} 
 
 
 
6.4 Conclusions 
 In conclusion, two novel photocatalysts were tested using the GC-TCD system 
summarized in Chapter 5. Both materials exhibited superior photocatalytic performance and 
more importantly, quantum efficiency, in comparison with previously reported materials. 
Additionally, these studies illustrate the important balance between material properties, such as 
particles size, morphology, and crystallinity, that are required for water splitting photocatalysts. 
Unfortunately, neither material was able to perform overall water splitting. For ZnS:Ni2+, 
oxidation to ZnO occurs without the combination of K2SO3 and Na2S in solution, causing the 
material to become inactive. The position of the energy bands for BiVO4 made the material 
favorable for producing O2 from solutions containing AgNO3, but the lowering of the conduction 
band energy which allows the material to absorb visible light also makes reducing protons to H2 
impossible without applying an external bias. 
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